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Abstract

Spectrotemporal modulation (STM) detection performance was examined for cochlear
implant (Cl) users. The test involved discriminating between an unmodulated steady noise
and a modulated stimulus. The modulated stimulus presents frequency modulation patterns
that change in frequency over time. In order to examine STM detection performance for dif-
ferent modulation conditions, two different temporal modulation rates (5 and 10 Hz) and
three different spectral modulation densities (0.5, 1.0, and 2.0 cycles/octave) were
employed, producing a total 6 different STM stimulus conditions. In order to explore how
electric hearing constrains STM sensitivity for Cl users differently from acoustic hearing,
normal-hearing (NH) and hearing-impaired (HI) listeners were also tested on the same
tasks. STM detection performance was best in NH subjects, followed by HI subjects. On
average, Cl subjects showed poorest performance, but some Cl subjects showed high lev-
els of STM detection performance that was comparable to acoustic hearing. Significant cor-
relations were found between STM detection performance and speech identification
performance in quiet and in noise. In order to understand the relative contribution of spectral
and temporal modulation cues to speech perception abilities for Cl users, spectral and tem-
poral modulation detection was performed separately and related to STM detection and
speech perception performance. The results suggest that that slow spectral modulation
rather than slow temporal modulation may be important for determining speech perception
capabilities for Cl users. Lastly, test—retest reliability for STM detection was good with no
learning. The present study demonstrates that STM detection may be a useful tool to evalu-
ate the ability of Cl sound processing strategies to deliver clinically pertinent acoustic modu-
lation information.
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Introduction

Speech identification performance for cochlear implant (CI) users has been gradually improv-
ing over the past 20 years [1, 2] partly due to the advancement in CI coding strategy, front-end
signal processing, electrode design, and the use of electro-acoustic stimulation. However, most
clinically available CI coding strategies are still variations of continuous interleaved sampling
(CIS) strategy. The basic concept of CIS strategy is that the auditory-nerve fibers are stimulated
by narrowband amplitude modulation (AM) of a biphasic pulsatile carrier with a constant
stimulation rate through 12 to 22 implant channels. While patients with modern CI devices
often show remarkable speech identification in quiet, speech perception outcomes deteriorate
substantially in competing background noise.

In order to understand potential factors responsible for variability in speech identification
performance across CI users, psychoacoustic tests using either spectrally or temporally modu-
lated stimuli as a test signal have been often used. For example, spectral modulation sensitivity
has been documented on spectral-ripple discrimination or spectral-ripple detection tasks for
CI users. In these tests, listeners are presented with one interval containing a spectrally modu-
lated stimulus (i.e., test signal or “oddball”) and two other intervals containing a reference sig-
nal. The spectrum of the oddball stimulus is sinusoidally modulated with a predefined
modulation depth and density that varies adaptively based on the listener’s response. For the
spectral-ripple discrimination test, spectral modulation depth is fixed, and spectral-ripple den-
sity thresholds are measured using a spectral phase-reversed reference signal [3-8]. In contrast,
spectral modulation frequency is fixed for the spectral ripple detection test, and thresholds are
measured by determining the minimum spectral modulation depth required to discriminate a
noise carrier with flat spectrum from that with a sinusoidally modulated spectrum [9-11]. Sig-
nificant correlations were reported between spectral modulation sensitivity (measured using
both techniques) and speech perception outcomes for CI users [3, 5,7, 11, 12].

Previous studies have also documented that temporal modulation cues are critical for
speech perception outcomes in CI users. As indicated above, the design of CIS coding strategy
and its variants provide limited temporal modulation information through a few spectral chan-
nels. The extent to which CI users receive temporal modulation information depends on the CI
coding strategy or programming parameters such as electrode configuration, bandwidth of the
channels, stimulation rates [13-15], the auditory-nerve fiber’s capacity to follow electrical tem-
poral modulations [16-19], or different biological conditions of the implanted cochlea [20, 21].
In the temporal modulation detection test, temporal modulation frequency is fixed, and detec-
tion thresholds are measured by determining the minimum temporal modulation depth
required to discriminate a unmodulated noise carrier from that with a sinusoidally modulated
amplitude [16, 18, 22-26]. Previous studies have shown that CI users show quite good tempo-
ral modulation detection performance for low modulation frequencies [18, 23, 24, 26]. Further-
more, significant correlations have been reported between speech perception performance and
temporal modulation detection performance measured either through sound processor [24,
26] or direct stimulation in CI users [16, 23].

These previous studies have often focused on measuring spectral or temporal modulation
sensitivities separately and relate them to speech perception performance for CI users. Such
approach may be useful to assess the contribution of a specific acoustic cue to speech percep-
tion outcomes, while controlling for possible confounding acoustic cues. However, speech is
composed of dynamic spectral and temporal modulations that change over time depending on
the speech utterance. It is possible that the extent to which the combination of spectral and tem-
poral modulation cues is transmitted to listeners via electric stimulations through CIs may be
substantially different than the extent to which such modulation cues are delivered to NH or
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Fig 1. Example spectrograms for STM stimuli for four different combinations of spectral density and temporal rate. In these spectrograms, different
amplitudes of the STM stimuli are depicted as a grayscale over a dynamic range of 40 dB.

doi:10.1371/journal.pone.0140920.g001

HI listeners. To test this idea, in the current study, we employed stimuli that were originally
developed to establish a model of speech perception for NH listeners based on the spectral and
temporal modulation patterns of speech signals [27, 28]. These stimuli, often called “moving
ripple” or “spectrotemporal modulation (STM)” stimuli, represent STM patterns that vary
across frequency channels and over time. Fig 1 shows example spectrograms of STM stimuli
with different combinations of spectral density and temporal rate. In the upper and lower
rows, spectrograms for STM stimuli with a spectral density of 0.5 and 1.0 cycle per octave (c/o0)
are shown, respectively. For example, in the upper row, a relatively broad spectral modulation
pattern is shown along the frequency domain. In the left and right columns, spectrograms for
STM stimuli with a temporal rate of 5 and 10 Hz are shown, respectively. Here, the temporal
rate determines the speed of frequency sweep that falls (i.e., from high to low frequency) along
the frequency domain and repeat the frequency sweep over time. In Fig 1, a downward direc-
tion of frequency sweep is represented, but one can set up an upward direction of frequency
sweep to configure STM stimuli.

Fig 2 shows how CI sound processor encodes STM stimuli. For these electrode outputs
(ie., electrodograms), STM stimuli that are shown in Fig 1 were used. HiResolution™ sound
processing strategy (Advanced Bionics Corporation) was used for these examples because
among 23 CI subjects in the current study, 10 subjects were fitted with HiResolution™
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Fig 2. The electrode outputs in response to the four STM stimuli shown in Fig 1. For these simulations, HiResolution® strategy (Advanced Bionics

Corporation) was used.
doi:10.1371/journal.pone.0140920.g002

strategy. Here, higher electrode numbers indicate high frequency channels. First, compare
the electrode outputs for a temporal rate of 5 and 10 Hz. For 5 Hz stimuli, each electrode rep-
resents five periods of within-channel temporal modulations, whereas for 10 Hz stimuli, ten
periods of within-channel temporal modulations are shown. Next, consider temporal modu-
lation patterns across electrodes. For the STM stimulus with a 0.5 ¢/o and 5 Hz rate, the peak
of envelope modulation occurs first in the high frequency channel, because the acoustic
waveform represents the high frequency component first. Subsequently, the peaks of enve-
lope modulations for lower frequency channels occur later, and this “frequency sweep” pat-
tern repeats at a rate of 5 Hz over time. As a temporal rate increased, for example, from 5 to
10 Hz shown in Figs 1 and 2, the speed of the frequency sweep increased. As spectral density
increased from 0.5 to 1 ¢/o, more dense spectral modulation patterns were presented in the
electrode outputs at any given time. By measuring a listener’s just-noticeable-difference for
spectral modulation depth between a STM stimulus and stead-state unmodulated stimulus,
CI users’ STM detection performance can be measured.

Using STM stimuli, Chi et al. (1999) [27] initially measured STM detection thresholds for
normal-hearing (NH) listeners. Bernstein et al. (2013) [29] has recently measured STM detec-
tion thresholds for NH and hearing-impaired (HI) listeners to test a hypothesis that the effect
of sensorineural hearing loss would be greatest at higher spectral densities because of the
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degraded frequency selectivity in HI listeners. This hypothesis was supported by the finding
that HI listeners showed poorer STM sensitivity for higher spectral densities but not for lower
spectral densities. Bernstein et al. [29] also showed a significant correlation between STM
thresholds and sentence recognition in background noise for HI listeners, suggesting that
altered encoding of STM cues due to sensorineural hearing loss negatively affects speech identi-
fication performance in HI listeners. Mehraei et al. (2014) [30] also examined the effects of
hearing loss on STM detection thresholds in HI listeners as a function of carrier frequencies
and the relationship among narrowband STM detection performance, FM detection thresh-
olds, bandwidths of auditory filters, and sentence identification in noise. Consistent with Bern-
stein et al. [29], the results of Mehraei et al. [30] further supported the idea that degraded
speech perception performance in HI listeners is related to poorer FM detection performance
at low frequencies and reduced frequency selectivity at high frequencies.

The primary goal of the current study was to evaluate STM detection as a measure of both
spectral and temporal modulation processing abilities in CI users. In addition, test-retest reli-
ability was evaluated for the STM detection test. If the STM detection test is reliable with lim-
ited learning effects and shows predictive power for speech identification in quiet or noise for a
group of CI subjects, the test could be useful as a clinical tool to evaluate the performance of
individual CI users with different sound encoding strategies or programming parameters.
Thus, the tests are repeated on separate days for a subset of CI subjects. Another goal of the
current study was to evaluate the extent to which the STM detection test is predictive of clini-
cally meaningful performance which may depend on STM encoding. To test this, sentence
identification in quiet using the Korean Central Institute for the Deaf Sentence test (K-CID)
[31], and sentence identification in background noise using Korean Hearing in Noise Test Sen-
tence (K-HINT) [32]. As described above, the STM stimuli present both spectral and temporal
modulation information, thereby providing a measure of combined spectrotemporal modula-
tion sensitivity. To further understand the nature of the STM detection performance for CI
users, it is important to evaluate if STM detection thresholds correlate with either spectral or
temporal modulation detection thresholds. For this purpose, we also measured spectral modu-
lation detection [9, 11, 12, 33] and temporal modulation detection [22, 26] in the same group
of subjects.

Furthermore, the current study administered the aforementioned psychoacoustic tasks for
NH and HI listeners. The three subject groups were expected to provide a wide range of psy-
choacoustic capabilities to test our primary hypothesis that altered encoding of STM informa-
tion due to the sensorineural hearing loss (i.e., HI group) and the CI-auditory nerve interface
(i.e., CI group) may constrain STM sensitivity differently from normal-hearing (i.e., NH
group). Previous studies (e.g., [34-35]) have demonstrated that CI users behave as listeners
with moderate cochlear hearing loss for speech understanding in steady background noise.
These results were interpreted as suggesting that some good performing CI users and listeners
with moderate hearing loss may access spectral information through ~8 independent frequency
channels only. In others words, speech intelligibility in noise may be mostly limited by reduced
frequency resolution in both subject groups. Therefore, it was expected that comparing CI and
HI subjects on the STM detection test may be useful because both groups of listeners are
believed to show reduced (and potentially comparable) frequency resolution. More specifically,
we predicted that the effect of altered encoding of STM information would be greater for the
higher spectral densities because of the reduced spectral resolution may have a greater impact
on the processing of STM stimuli with higher spectral densities rather than lower spectral den-
sities. Testing the three different subject groups also provided an opportunity to examine a pos-
sible relationship between STM detection performance and speech perception and other
psychoacoustic performance both across the NH, HI, and CI subject groups.
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Methods
Subjects

For the main test battery, three different subject groups participated in this study, including
NH subjects, HI subjects, and CI subjects. Subjects who participated in the main test battery
were native Korean speaking adults. The main test battery was performed in a double-walled
sound-attenuating booth (IAC) at the Hearing Research Laboratory located in the Samsung
Medical Center (Seoul, Korea). For these subjects, the use of human subjects and the experi-
mental protocols were reviewed and approved by the Samsung Medical Center Institutional
Review Board (2013-06-031). Every participant provided their written informed consent to
participate in this study, and the Samsung Medical Center Institutional Review Board approved
this consent procedure. Ten NH subjects (7 females and 3 males), ranging in age from 23 to 34
years (mean = 27.8 years), showed audiometric detection thresholds less than 20 dB HL at all
audiometric frequencies between 250 and 8000 Hz in both ears. Twenty two HI subjects (10
females, 12 males) ranging in age from 21 to 71 years participated (mean = 46.6 years). HI sub-
jects had a varying degree of hearing loss, ranged from moderate to moderate-to-severe. Pure-
tone thresholds for tested ears for each HI subject are shown in Table 1. Mean pure-tone aver-
age (PTA) for 0.5, 1, 2, and 3 kHz averaged across 22 HI subjects was 53 dB HL.

For the CI group, 23 unilateral CI patients (15 females, 8 males) ranging in age from 24 to
72 years participated (mean = 51.2 years). Thirteen CI subjects were implanted with the HiR-
es90K HiFocus implants manufactured by the Advanced Bionics. Seven CI subjects were users
of the implant devices manufactured by the Cochlear Ltd. (4 subjects with Freedom implants; 2
subjects with CI422 implants; 1 subject with CI24RE implant). The remaining three subjects
were implanted with the Flex implants manufactured by the MED-EL. Individual CI subject’s
demographic information is provided in Table 2.

Test battery administration

A MATLAB (The Mathworks, Natick) graphical user interface running on a PC was used to
present acoustic stimuli to subjects. For NH subjects, stimuli were presented monaurally
through an ear insert phone at an average level of 65 dBA. For HI subjects, a frequency inde-
pendent gain equal to half the PTA was applied to stimuli. With this gain, stimuli were gener-
ally presented at a most-comfortable level for HI subjects. The amplified stimuli were then
presented monaurally through an insert ear phone. For CI subjects, stimuli were presented
through a loud speaker (HS-50M, Yamaha, Japan) in the sound-field at an average level of 65
dBA. CI subjects sat at 1-m from the loudspeaker, and were asked to face it during the course
of the experiment. All three groups of subjects participated in all psychoacoustic and speech
perception tests. In addition to the STM detection test, a test of spectral modulation detection
[9, 11, 12, 33] and temporal modulation detection [26]; a test of speech recognition in quiet
[31]; and an assessment of sentence recognition in noise [32] was conducted. The order of test
administration was varied within and across subjects.

Spectrotemporal modulation (STM) detection test

To create STM stimuli with a bandwidth of four octaves (i.e. 354-5664 Hz), the following equa-
tion was used based on the previously established technique [27]:

S(x,t) = A x sin[2n x (wt + Qx) + @], (1)

in which x is the position on the logarithmic frequency axis in octaves (i.e. x = log,(f/354), here
fis frequency), and ¢ is time on the time axis. Four thousands carrier tones were spaced equally
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Table 1. Audiometric thresholds for hearing-impaired (HI) subjects in dB HL.

Subject

HI2
HI3
HI4
HI5
HI6
HI7
HI8
HI9
HI10
HI11
HI12
HI13
HI14
HI15
HI16
HI17
HI18
HI19
HI20
Hi21
HI22
HI23

doi:10.1371/journal.pone.0140920.t001

Age (yrs)
39
26
66
56
45
60
59
54
26
62
47
21
72
65
60
60
23
21
25
51
30
49

Test Ear

5.5 B v B s u N s w A s o B o A s u A o e & s o I s v Js v

250 Hz 500 Hz 1000 Hz 2000 Hz 3000 Hz 4000 Hz 8000 Hz
55 50 50 50 60 55 65
55 50 55 50 45 60 60
30 30 30 25 20 35 55
40 45 50 60 50 50 70
50 50 50 60 60 60 60
30 30 35 30 30 30 60
50 50 55 50 35 40 30
60 60 65 60 50 55 65
55 60 60 60 60 55 65
75 65 55 55 60 70 80
30 45 50 60 60 55 55
40 60 60 60 60 60 100
65 60 55 50 50 50 70
70 65 50 50 45 40 50
60 50 55 60 70 75 90
50 55 65 70 70 70 75
45 40 65 70 55 60 55
0 10 55 90 90 100 100
50 50 60 65 65 60 70
25 40 65 70 70 80 105
35 35 45 50 50 55 55
70 60 55 50 55 60 65

on a logarithmic frequency scale with a bandwidth of 354-5656 Hz. The stimuli had 1 sec total
duration. The spectral envelope of the complex tones was modulated as a single sinusoid along
the logarithmic frequency axis on a linear amplitude scale. In Eq (1), A is the amplitude of the
rippled spectral modulation amplitudes, which is defined relative to the flat spectrum. When A
was set to a value between 0 and 1, it corresponded to 0 to 100% spectral modulation of the flat
ripple envelope. Q is the spectral density in units of cycles per octave (c/0). @ is the spectral
modulation starting phase in radians for carrier tones that were randomized in radians (ranged
between 0 to 2m). The STM stimuli were also modulated in time by having the modulated spec-
tral envelopes sweep across the frequency at a constant velocity. In Eq (1), w sets spectral mod-
ulation velocity as the number of the sweeps per second (Hz), which is referred to as temporal
rate in the current study. The positive and negative velocity constructs the STM stimuli with
spectral modulations (or frequency modulations) that either rise or fall in frequency and repeat
over time. As Bernstein et al. (2013) [29] showed no effect of the direction of spectral modula-
tion on STM detection thresholds for NH and HI listeners, the current study tested a falling
direction of spectral modulation alone.

To measure STM detection thresholds, a 2-interval, 2-alternative adaptive forced-choice (21,
2-AFC) paradigm was used. A silence interval of 500 ms was used between the two intervals.
One of the intervals consisted of modulated noise (i.e. test signal), and the other interval con-
sisted of steady noise (i.e. reference signal). Subjects were instructed to choose an interval con-
taining sound like bird-chirping, vibrating, or moving over time and frequency. Subject’s task
was to identify the interval which contained a STM stimulus. A 2-down, 1-up adaptive proce-
dure was used to measure STM detection thresholds, starting with a modulation depth of 0 dB
and decreasing in steps of 4 dB from the first to the fourth reversal, and 2 dB for the next 10
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Table 2. Cochlear implant (Cl) subject demographics. Subjects labeled with asterisks (Cl24-CI29) participated in the experiment where test-retest reli-
ability for the STM detection test was examined.

Subject ID Age (yrs) Duration of Cl use (months) Sound processor Implant type Sound coding strategy
Clo1 43 75 Harmony HiRes 90K HiFocus Fidelity 120
Clo2 24 59 Harmony HiRes 90K HiFocus HiResolution
Clo3 66 94 Auria HiRes 90K HiFocus HiResolution
Clo4 50 93 Auria HiRes 90K HiFocus HiResolution
Clo5 54 98 Auria HiRes 90K HiFocus HiResolution
Cloé 59 86 Freedom CI24RE (CA) ACE

Clo7 72 74 Harmony HiRes 90K HiFocus Fidelity 120
Clos 49 53 Freedom Freedom (Contour Advance) ACE

Clo9 68 33 OPUS2 Flex (soft) FS4

Cci1o 55 95 Auria HiRes 90K HiFocus HiResolution
Cl1 61 29 Nucleus 5 Freedom (Contour Advance) ACE

Cl12 56 32 N5 Cl422 ACE

CI13 55 54 Harmony HiRes 90K HiFocus HiResolution
Cl14 27 82 Harmony HiRes 90K HiFocus HiResolution
Cl15 51 17 Nucleus 5 Freedom (Contour Advance) ACE

Cl16 58 24 OPUS2 Flex (soft) FS4

Ch7 65 11 Harmony HiRes 90K HiFocus Fidelity 120
Cl18 24 86 Auria HiRes 90K HiFocus HiResolution
CiH9 68 55 Freedom Freedom (Contour Advance) ACE

Cl20 58 20 CP810 Cl422 ACE

Cl21 49 83 Auria HiRes 90K HiFocus HiResolution
Cl22 24 28 OPUS2 Flex (soft) FSP

Cl23 42 95 Auria HiRes 90K HiFocus HiResolution
*Cl24 56 96 Nucleus 5 Freedom ACE

*Cl25 86 4 Nucleus 5 Freedom ACE

*Cl26 72 8 Nucleus 5 Freedom ACE

*Cl27 57 7 Nucleus 5 Freedom ACE

*ClI28 43 8 Nucleus 5 Freedom SPEAK
*Cl29 57 9 Nucleus 5 Freedom ACE

A separate group of 6 Cl subjects (Cl24-CI29) were tested at the University of Tennessee to evaluate learning effects and test-retest reliability for the STM
detection test. All testing procedures for these additional 6 Cl subjects followed the regulations approved by the University of Tennessee Health Science
Center’s Institutional Review Board. These 6 Cl subjects repeated the test and did two sets of six runs on separate days. Thresholds were determined by
averaging the threshold from six runs.

* subjects tested at the University of Tennessee

doi:10.1371/journal.pone.0140920.t002

reversals. For each testing run, the final 10 reversals were averaged to obtain the STM detection
threshold. In order to evaluate STM detection performance for different modulation condi-
tions, three different spectral densities (Q2 = 0.5, 1, and 2 c/o) and two different temporal rates
(w =5 and 10 Hz) were tested. Thus, a total of six different sets of STM stimuli were tested.
Subjects completed all these six different stimulus conditions in random order, and then sub-
jects repeated a new set of six stimulus conditions with a newly created random order. The
sequence of stimulus conditions was randomized within and across subjects. A third adaptive
track was obtained if the difference between the first two tracks exceeded 3 dB for a given stim-
ulus condition. The final threshold for each STM stimulus condition was the mean of these two
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(or three) adaptive tracks. Before actual testing, experimenters played example stimuli for sub-
jects until they became familiar with the STM stimuli and task. During this practice run, sub-
jects were able to hear and compare two different stimuli (modulated vs. unmodulated) as
many as they want until they fully understand the task.

Spectral modulation detection test

Spectral modulation detection performance was evaluated using a spectral-ripple detection
paradigm [9, 11, 12, 33]. To create static-ripple stimuli, 2555 tones were spaced equally on a
logarithmic frequency scale with a bandwidth of 354-5656 Hz. The ripple peaks and valley
were spaced equally on a logarithmic frequency scale with a ripple density of 1 c/o. A ripple
density of 1 c/o was tested to examine a potential relationship with detection thresholds for
STM stimuli with a spectral density of 1 ¢/o. The spectral modulation starting phase for ripple
stimuli was randomly selected from a uniform distribution (0 to 2rt rad). The stimuli had 500
ms total duration. Spectral modulation detection thresholds were determined using a three-
interval, three-alternative forced choice (3-1, 3-AFC), similar to the method reported by Ander-
son et al. (2012). As discussed in Introduction, it should be noted that static-ripple detection in
the current study is different from spectral-ripple discrimination that has been widely used in
the literature [3-5, 7, 8, 12, 36, 37]. In the current study, for each set of three intervals, two
intervals contained the unmodulated broadband noise, and the test interval, chosen at random
with equal a priori probability on each trial, contained the static-ripple stimulus. An inter-stim-
ulus-interval of 500 msec was used between intervals. Stimuli were equated to the same root-
mean-square level and a level rove of +2 dB (in 1-dB increments) was randomly selected for
each interval in the three-interval task. Three numerically labeled virtual buttons were dis-
played on the computer screen, corresponding to the three intervals, and subjects were
instructed to click on the button corresponding to the interval (i.e. static-ripple stimulus) that
sounded different from two others. Visual feedback was provided after each trial to indicate the
interval that presented the static-ripple stimulus. For each trial, fresh unmodulated and rippled
noise stimuli were used. Each test run began with a peak-to-valley ratio for the rippled stimulus
of 20 dB, with which most subjects were easily able to detect the spectral modulation. The spec-
tral modulation depth was varied adaptively in a two-down, one-up adaptive procedure. After
each incorrect response, the spectral modulation depth was increased by a step, and it was
decreased after two correct consecutive responses. This procedure tracks the peak-to-valley
ratio that could be detected with an accuracy of 70.7% correct [38]. The initial step size was 2
dB for the first four reversals. The step size was then changed to 0.5 dB for the remaining ten
reversals. Spectral modulation detection threshold was defined for each run as the arithmetic
mean of the peak-to-valley ratios at the final ten reversal points.

Temporal modulation detection test

The temporal modulation detection test was administered as previously described by Won
etal. (2011) [26]. For the modulated stimuli, sinusoidal amplitude modulation was applied to
the wideband noise carrier. The stimulus duration for both modulated and unmodulated sig-
nals were 1 second. Modulated and unmodulated signals were gated on and off with 10 ms lin-
ear ramps, and they were concatenated with no gap between the two signals. The temporal
modulation detection threshold was measured using a 2-interval, 2-alternative adaptive forced-
choice (21, 2-AFC) paradigm. One of the intervals consisted of modulated noise, and the other
interval consisted of steady noise. Subject’s task was to identify the interval which contained
the modulated noise. A modulation frequency of 10 Hz was tested to examine a potential rela-
tionship with detection thresholds for STM stimuli with 10 Hz temporal rate. A 2-down, 1-up
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adaptive procedure was used to measure the modulation depth threshold, starting with a mod-
ulation depth of 100% and decreasing in steps of 4 dB from the first to the fourth reversal, and
2 dB for the next 10 reversals. For each testing run, the final 10 reversals were averaged to
obtain the modulation detection threshold (MDT). MDTs in dB relative to 100% modulation
(i.e. 20log;o(m;)) were obtained, where m; indicates the modulation index. The threshold for
each subject was calculated as the mean of three testing runs.

Sentence recognition in quiet

Two lists of Korean Central Institute for the Deaf (K-CID) sentences [31] were administered.
Each list contained ten sentences with four key words, for a total of 80 key words were scored
for each subject. All participants were instructed to verbally repeat the sentence they heard. A
total percent correct score was calculated as the percent of key words correctly recognized.

Sentence recognition in noise

A Korean version of HINT (Hearing in Noise Test) sentences [32] was administered in the
presence of background noise. The level of steady-state background noise was fixed at 55 dBA.
The level of target sentences was varied using a 1-up, 1-down adaptive procedure to estimate
speech reception threshold (SRT) at 50% correct performance. Subjects completed two test
runs. An average SRT across the two test runs are reported.

Data analysis

For the STM detection test, mean detection thresholds for each stimulus condition are
reported. We conducted a mixed between-within subjects repeated measures analysis of vari-
ance (ANOVA) to compare performance with hearing mechanism (NH, HI, and CI) and sub-
jects” ages as the between-subject factors and the STM stimulus conditions as the within-
subject factors. Here, the mixed between-within subjects repeated measures ANOVA was used
to address the main question to determine if altered encoding of STM cues due to the hearing-
loss (HI group) or due to the CI-auditory nerve interface (CI group) affects STM detection per-
formance; if so, a post-hoc paired samples t-test was further performed to systematically com-
pare performance for each modulation condition among the three subject groups. Subject ages
were also included as the between-subject factor because in the current study, NH group had a
smaller range of ages (i.e., 11 years) compared to HI and CI groups (50 and 48 years,
respectively).

As mentioned in Introduction, we hypothesized that the effect of altered encoding of STM
information would be greater for the higher spectral densities because of the reduced spectral
resolution associated with hearing loss or CI processing. It was also predicted that the effect of
altered encoding of STM information would be similar between 5 and 10 Hz temporal modula-
tion rates, because at these relatively lower temporal rates, the altered encoding of temporal
modulation information has previously shown little effect on temporal modulation detection
performance for HI and CI listeners [22, 26, 39].

Correlations of the STM detection test with the other tests were assessed using a Pearson’s
linear correlation coefficient. Furthermore, a partial correlation analysis controlling for the
effect of either the static-ripple detection test or temporal modulation detection test was per-
formed to determine if the STM detection test is still predictive of speech perception before
and after the control.
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Fig 3. STM detection thresholds for individual subjects, shown as a function of temporal rate. Results for spectral rates of 0.5, 1.0, and 2.0 c/o are
shown in the left, middle, and right column, respectively. The black, red, and green lines represent the STM detection thresholds for normal-hearing, hearing-
impaired, and cochlear implant subjects, respectively.

doi:10.1371/journal.pone.0140920.g003
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Results
STM detection performance for NH, HI, and Cl subjects

Fig 3 shows STM detection thresholds for individual subjects as a function of temporal rate.
Results for three different spectral densities, 0.5, 1.0, and 2.0 c¢/o are shown in the left, middle,
and right column, respectively. The black, red, and green lines represent NH, HI, and CI sub-
jects, respectively. More negative STM thresholds indicate better detection performance. Fig 4
shows mean STM detection thresholds averaged across 10 NH subjects, 22 HI subjects, and 23
CI subjects for six different stimulus conditions. Error bars represent one standard deviation
across subjects. Overall, NH subjects showed the best STM detection performance with a range
between -18.1 and -20.7 dB; while CI subjects showed the poorest STM detection performance
with a range between -3.8 and -12.4 dB. HI subjects showed performance between those of the
NH and CI subjects with a range between -6.7 and -17.4 dB. For HI and CI subject groups,
STM detection thresholds generally increased (i.e. performance decreased) as a spectral density
increased from 0.5 to 2.0 c/o. While the effect size was generally small, there was a trend that
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Fig 4. Mean STM detection thresholds averaged across subjects. Error bars represent one standard deviation across subjects.

doi:10.1371/journal.pone.0140920.9004
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Table 3. Results for post hoc independent samples t-tests on the STM detection thresholds collapsed
across two temporal modulation rates. For each comparison, p-values are reported. Bold values indicate
a significant difference after applying a Bonferroni correction.

Comparison 0.5 c/o 1.0clo 2.0clo
NH vs. HI 0.38 0.033 0.004
NH vs. CI < 0.001 < 0.001 < 0.001
Hl vs. Cl 0.003 < 0.001 0.006

doi:10.1371/journal.pone.0140920.t003

STM detection thresholds increased as a temporal rate increased from 5 to 10 Hz. Of particular
interest, a wide range of detection performance was observed at each stimulus condition across
individual subjects (Fig 3). At a spectral density of 0.5 c/o, STM detection thresholds for CI
subjects strongly overlapped with thresholds for HI subjects. More interestingly, some CI sub-
jects showed STM detection performance which overlapped with performance for NH subjects.
At spectral densities of 1.0 and 2.0 c/o, STM detection thresholds for CI subjects still over-
lapped with STM thresholds for HI subjects.

A mixed between-within subjects ANOVA confirmed this pattern of results. The main
effects of spectral density [F(2,26) = 90.0, p < 0.001] and temporal rate [F(1,13) = 14.2,

p =0.002] on STM detection thresholds reached significance. A two-way interaction between
the effects of spectral density and temporal rate did not reach significance [F(2,26) = 1.94,

p =0.16]. Also, a two-way interaction between the subject group and temporal rate did not
reach significance [F(2, 13) = 2.26, p = 0.14]. However, a two-way interaction between the sub-
ject group and spectral density reached significance [F(4,26) = 11.3, p < 0.001], indicating the
potential influence of different frequency selectivity across the three subject groups on STM
detection thresholds. Here, the significant two-way interaction between the subject group and
spectral density supports our hypothesis that reduced frequency selectivity due to the hearing
loss or the CI-auditory nerve interface would alter the encoding of STM information in a differ-
ent manner for NH, HI and CI subjects.

To better understand which spectral density conditions gave rise to the significant two-way
interaction between the subject group and spectral density, a post hoc independent samples t-
test was performed on the STM data collapsed across temporal rates. This analysis was carried
out to systematically compare performance for the NH, HI, and CI subjects for three different
spectral densities to identify the specific spectral density where performance for the three sub-
ject groups differed significantly each other. Table 3 summarizes the results for these analyses.
Overall, STM detection thresholds for NH subjects were significantly lower (i.e. better) than CI
subjects. Comparing NH and HI subjects, only the spectral density of 2.0 c¢/o showed a signifi-
cant difference in performance after a Bonferroni correction, which is consistent with Bern-
stein et al. (2013) [29], where HI subjects showed poorer STM detection performance
compared to NH subjects for higher spectral densities but not lower spectral densities. Between
HI and CI subjects, significant differences were shown in performance for 0.5 and 1.0 c/o, but
not for a higher spectral density of 2.0 c/o.

A three-way interaction between the subject group, spectral density, and temporal rate was
examined. This analysis showed that the three-way interaction did not reach significance [F
(4,26) = 0.99, p = 0.43]. Note that the two-way interaction between the subject group and tem-
poral rate was not significant, but the two-way interaction between the subject group and spec-
tral density was significant. Therefore, the non-significant three-way interaction, coupled with
the significant two-way interaction between the subject group and spectral density, suggests
that different frequency selectivity across the three subject groups may be the primary factor
constraining STM detection performance differently for NH, HI and CI subjects.
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It should be emphasized, however, that the temporal rates tested in the current study were
very low. Therefore, a significant two-way interaction between the subject group and temporal
rate would be expected if higher temporal rates were tested, as shown by Bernstein et al. (2013).
Subsequently, it is possible to observe a significant three-way interaction between the subject
group, spectral density, and temporal rate if a wider range of spectral density or temporal rate
was administered for the STM detection test.

Finally, a potential influence of different age ranges for each subject group upon STM detec-
tion performance was examined. All possible two-way interactions (i.e., spectral density x age
and temporal rate x age), three-way interactions (i.e., spectral density x subject group x age, tem-
poral rate x subject group X age, and spectral density x temporal rate x age), and four-way inter-
action (i.e., spectral density x temporal rate x subject group x age) were considered. These
analyses showed that none of these interactions reached significance, suggesting that it is unlikely
that a different range of ages in each subject group affected STM detection performance.

Learning effects and test-retest reliability

Learning effects and test-retest reliability were examined to determine if the STM detection test
could serve as a reliable measure for CI outcomes. In order to reduce the testing and prevent
any fatigue, a single STM stimulus condition (10 Hz and 0.5 c/o) rather than all six conditions
was tested. Fig 5A shows the mean threshold for STM detection as a function of trial number,
computing the mean at each repetition averaged across 6 CI subjects. There was a limited
learning effect across 12 trials. In fact, there was not a statistically significant difference between
STM detection thresholds for the 1°t and 12" trial [t(5) = 1.99, p =0.10]. A repeated-measures
ANOVA also demonstrated that there was no effect of trial number [F(11, 55) = 1.06, p = 0.41]
throughout the 12 STM detection tests. Fig 5B shows the average thresholds of the first six trials
plotted against the average thresholds of the second six trials for 6 CI subjects. The average of
the first six was -13.9 dB, and the average of the second six was -14.1 dB. A paired t-test
revealed that there was no significant improvement between the first and second six trials
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Fig 5. (A) Effects of learning for the STM detection test. The figure shows mean STM detection thresholds as a function of trial number for the 10 Hz and 0.5
c/o condition. Error bars show one standard error based on data from 6 Cl subjects. (B) Reliability of the STM detection test. The relationship between the
STM detection thresholds determined by the first six repetitions and the second six repetitions for 6 Cl subjects are shown.

doi:10.1371/journal.pone.0140920.9005
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(p = 0.67). The intraclass correlation between the thresholds from the first and second six trials
was 0.92 (p = 0.009), which reveals promising test-retest reliability of the STM detection test.

Performance for spectral and temporal modulation detection

In Fig 6A, box-and-whisker plots for spectral modulation detection for the three subject groups
are shown. Here, lower detection thresholds indicate better spectral modulation detection per-
formance. NH and HI subjects showed similar performance on spectral modulation detection
tested at a spectral density of 1 c/o [t(30) = 1.9, p = 0.065]. However, CI subjects performed sig-
nificantly worse than both NH [t(29.7) = -6.1, p < 0.001] and HI subjects [t(24) = -7.6,

p < 0.001] on the spectral modulation detection test.

Fig 6B shows box-and-whisker plots for the temporal modulation detection test at 10 Hz for
the three different subject groups. In this plot, more negative detection thresholds imply better
temporal modulation detection performance. After applying a Bonferroni correction, indepen-
dent sample t-tests showed that there was no significant difference in temporal modulation
detection performance between NH and HI subjects [t(30) = 2.7, p = 0.011] and between NH
and CI subjects [t(31) = -2.2, p = 0.032]. However, HI subjects performed significantly better
than CI subjects [t(35.4) = -5.8, p < 0.001].

Correlations with other psychoacoustic and speech perception tests

Fig 7 shows the relationship between STM detection performance and both sentence identifica-
tion in quiet (i.e. K-CID test) and in noise (i.e. K-HINT test) across the three subject groups.
For these analyses, mean STM thresholds averaged across the six different stimulus conditions
were used. A significant relationship was found between mean STM detection thresholds and
both sentence recognition in quiet (r = -0.63, p < 0.001) and in noise (r = 0.67, p < 0.001).
These results suggest that, across all three different subject groups, the encoding of STM cues
may be an important factor to contribute to speech perception abilities. Note that when con-
trolling the effects of subjects” ages on these correlation analyses, the partial correlations still

Temporal modulation detection
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Fig 6. Boxplots for spectral modulation detection at 1 c¢/o (A) and temporal modulation detection at 10 Hz (B) for NH, HI, and Cl subjects.

doi:10.1371/journal.pone.0140920.9006
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Fig 7. The relationship between mean STM detection thresholds averaged across the six different stimulus conditions and K-CID sentence
recognition in quiet (A) and HINT sentence recognition in noise (B) across NH, HI, and Cl subjects.

doi:10.1371/journal.pone.0140920.g007

stayed significant, suggesting that subjects’ ages did not affect the relationship between STM
detection performance and sentence recognition in quiet and noise.

The relationship among the STM detection performance, speech perception abilities, and
other psychoacoustic sensitivities were further examined for CI subjects. For these analyses,
each of all six STM stimulus conditions along with mean STM thresholds were used to evaluate
correlations with sentence recognition in quiet and noise, as summarized in Table 4. Significant
correlations at the level of 0.05 are shown in bold. Fig 8 shows scatter-plots for the relationship
between STM detection thresholds and K-CID sentence recognition in quiet (upper panel) and
HINT sentence recognition in noise (lower panel) in CI subjects. The results showed that the
K-CID sentence recognition scores in quiet were significantly correlated with STM detection
thresholds for lower spectral densities of 0.5 and 1.0 ¢/o regardless of temporal modulation
rates. These STM detection thresholds for 0.5 and 1.0 c/o (except for 1.0 c/o & 10 Hz) were also
significantly predictive of the HINT sentence recognition performance in noise. Mean STM
thresholds significantly correlated with both K-CID and HINT scores. Note that in the current
study, however, the Bonferroni corrections were not applied due to the increased risk of a type

Table 4. Correlations of STM detection test measures with sentence recognition in quiet (K-CID) and in noise (K-HINT), spectral modulation detec-
tion (SMD) and temporal modulation detection (TMD) tests in Cl subjects. R is the Pearson correlation coefficient, and p is the significance. Bold values
indicate significant correlations at the level of 0.05. The asterisks indicate the conditions where the correlations became no longer significant after factoring

out the effects of subjects’ ages.

0.5 c/o & 0.5 c/o & 1.0clo & 1.0clo & 2.0c/o & 2.0c/o & Mean STM

5 Hz 10 Hz 5 Hz 10 Hz 5Hz 10 Hz

R p R P R P R p R p R P R p
K-CID -0.71 <0.001 -0.64 0.001 -0.59 0.003 -0.43* 0.039 -0.41 0.054 -0.41 0.052 -0.62 0.002
K-HINT 0.56 0.005 0.51 0.014 0.44* 0.034 0.36 0.096 0.41 0.055 0.12 0.59 0.47 0.022
SMD at 1 c/o 0.30 0.16 0.39 0.063 0.47 0.024 0.33 0.12 0.39 0.066 0.40 0.059 0.43 0.041
TMD at 10 Hz 0.30 0.17 0.21 0.35 0.18 0.41 0.34 0.16 0.14 0.52 0.39 0.064 0.29 0.19
doi:10.1371/journal.pone.0140920.t004
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Fig 8. Relationship between STM detection and K-CID sentence recognition in quiet (upper panel) and HINT sentence recognition in noise (lower
panel) for Cl subjects. Linear regressions are represented by the solid lines.

doi:10.1371/journal.pone.0140920.9008

II error for the number of comparisons made (e.g., [40], as cited in [37, 41]). Instead, we pro-
vide all correlation coefficients and their associated p-values.

Relationships between spectral modulation detection at 1.0 ¢/o and STM detection thresh-
olds for each STM stimulus condition were also examined. For these analyses, we predicted
that spectral modulation detection at 1.0 c/o would be correlated with STM detection thresh-
olds for the same spectral density. This prediction was supported by the significant correlation
found between spectral modulation detection thresholds at 1.0 ¢/o and STM detection thresh-
olds at 1.0 ¢/o and 5 Hz (r = 0.47, p = 0.024). Note that spectral modulation detection thresh-
olds at 1.0 ¢/o were not correlated with the STM detection thresholds for the rest of five STM
stimulus conditions. Similarly, correlations between temporal modulation detection thresholds
at 10 Hz and STM detection thresholds were examined with a prediction that STM thresholds
at 10 Hz would show significant relationship with temporal modulation detection at 10 Hz. In
contrast with the results for spectral modulation detection, temporal modulation detection at
10 Hz was not predictive of STM detection performance for all six STM stimulus conditions.

Previous studies have shown that spectral modulation detection [11, 12, 33] and temporal
modulation detection [16, 24, 26] are predictive of speech perception for CI users. To better
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Table 5. Results for partial correlations analyses. Bold values indicate significant correlations at the level of 0.05. Underlined italics indicate the correla-
tions that were originally significant shown in Table 4 but became non-significant after controlling for predictive effect of static-ripple detection.

Partial correlations between STM detection test measures and sentence recognition in quiet (K-CID) and in noise (K-HINT) while controlling for
predictive effect of static-ripple detection.

0.5c/o & 0.5c/o & 1.0c/o & 1.0c/o & 2.0clo & 2.0clo & Mean STM

5 Hz 10 Hz 5 Hz 10 Hz 5 Hz 10 Hz

R p R P R P R p R p R P R P
K-CID -0.68 0.001 -0.57 0.006 -0.48 0.024 -0.34 0.12 -0.28 0.20 -0.28 0.20 -0.53 0.011
K-HINT 0.51 0.015 0.43 0.048 0.34 0.13 0.27 0.22 0.31 0.16 -0.024 0.92 0.38 0.08

doi:10.1371/journal.pone.0140920.1005

Table 6. Results for partial correlations analyses. Underlined italics indicate the correlations that were originally significant shown in Table 4 but became
non-significant after controlling for predictive effect of temporal modulation detection.

Partial correlations between STM detection test measures and sentence recognition in quiet (K-CID) and in noise (K-HINT) while controlling for
predictive effect of temporal modulation detection.

0.5 c/o & 0.5c/o & 1.0clo & 1.0clo & 2.0c/o & 2.0c/o & Mean STM

5 Hz 10 Hz 5 Hz 10 Hz 5 Hz 10 Hz

R p R P R P R p R p R p R P
K-CID -0.75 <0.001 -0.66 0.001 -0.60 0.003 -0.46 0.033 -0.41 0.057 -0.45 0.037 -0.65 0.001
K-HINT 0.62 0.002 0.54 0.01 0.47 0.027 0.41 0.062 0.43 0.048 0.17 0.44 0.53 0.012

doi:10.1371/journal.pone.0140920.t006

understand the nature of the relationship between STM detection performance and speech per-
ception abilities for CI subjects, we performed partial correlations controlling for the contribu-
tion of either spectral or temporal modulation detection. Tables 5 and 6 summarizes the results
for these partial correlation analyses. In Table 5, when the effect of spectral modulation detec-
tion at 1 ¢/o was factored out, the correlations between (1) STM thresholds for 1.0 c/o & 10 Hz
and K-CID scores, (2) STM thresholds for 1.0 ¢c/o & 5 Hz and K-HINT scores, and (3) mean
STM thresholds and K-HINT scores became no longer significant. In contrast, when the effect
of temporal modulation detection at 10 Hz was controlled for (Table 6), the partial correlation
analyses produced little change in correlation coefficients, and more importantly, did not
change the significance at the 0.05 level. Taken together, these analyses suggest that detection
abilities for slow spectral modulation patterns rather than temporal modulation patterns might
have played a primary role for the relationship between STM detection performance and
speech perception abilities for CI subjects.

Discussion

The current study was designed to evaluate CI users’ sensitivity to both spectral and temporal
acoustic cues together using STM stimuli and investigate how STM detection performance
relates to sentence identification performance in quiet and noise. This approach differs from
previous studies where spectral modulation sensitivity [3-5, 7, 10-12] or temporal modulation
sensitivity [16, 18, 23, 24, 26] was measured separately and the relationship with speech percep-
tion abilities in CI users was assessed. Despite the methodological difference, the findings from
the current study are largely consistent with previous studies that spectral and temporal modu-
lation sensitivities are important factors affecting speech perception outcomes for CI users.
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A. Altered encoding of STM cues through cochlear implants

Opverall, the results for the STM detection test indicate that altered encoding of STM cues due
to the CI-auditory nerve interface for the CI group and the effect of sensorineural hearing loss
for the HI group degraded STM detection performance compared to the NH group. Within
each group, a wide range of performance for STM detection was observed across the HI and CI
subjects (Fig 3). Interestingly, variability in STM detection performance was also observed in
NH subjects. Although the effect size was relatively small, all three subject groups showed a
change in STM detection thresholds when the temporal modulation rate increased from 5 to
10 Hz. The fact that the two-way interaction between the effects of temporal rate and the sub-
ject group did not reach significance [F(2.52) = 1.1, p = 0.34], suggesting that NH, HI and CI
subjects showed a similar increase in STM detection thresholds as the temporal modulation
rate increased from 5 to 10 Hz. This result contrasts with Bernstein et al. (2013) [29], where a
significant interaction was found between the effects of temporal rates and hearing loss on
STM detection thresholds. A potential reason for this difference may be that we used relatively
slow modulation rates up to 10 Hz, whereas Bernstein et al. [29] tested 4, 12, and 32 Hz of tem-
poral modulation rates. At slow temporal modulation rates such as 5 and 10 Hz, HI or CI sub-
jects typically show good performance relative to NH subjects [18, 22, 24, 26, 37]. If a higher
temporal rate was tested such as 32 Hz or beyond, HI and CI subjects would have shown more
degradation in STM detection compared to the performance at 10 Hz and produced a potential
two-way interaction between temporal rate and subject group.

Spectral densities showed a significant effect [F(2,104) = 77.8, p < 0.001] on STM detection
performance across the three subject groups. NH subjects showed relatively consistent perfor-
mance across the three spectral densities. However, STM detection performance decreased
markedly for HI and CI subjects as the spectral density increased from 0.5 to 2.0 c/o. Compari-
sons between the subject groups (Table 3) revealed that CI subjects showed significantly poorer
STM detection performance for all three spectral densities than NH subjects. However, CI sub-
jects showed significantly poorer detection performance relative to HI subjects only for 0.5 and
1.0 c/o but not for 2.0 c/o. In contrast, the difference in STM detection performance between
NH and HI subjects was significant only for 2.0 c¢/o but not for 0.5 and 1.0 ¢/o, which is consis-
tent with Bernstein et al. (2013) [29]. These results may imply that poor frequency selectivity in
HI and CI subjects may constrain their STM detection performance, but the extent to which
frequency selectivity constrains STM detection abilities may partly depend on the spectral den-
sities for the test signals. Furthermore, a two-way interaction between the subject group and
spectral density reached significance [F(4,104) = 21.8, p < 0.001]. In sum, the finding that the
two-way interaction of the subject group was significant with spectral density, but not with
temporal rate may suggest that different frequency selectivity across the three subject groups
might have played a primary role to constrain the pattern of STM detection thresholds for the
range of stimulus conditions tested in the current study in a different manner for NH, HI, and
CI subjects.

B. Spectral and temporal modulation detection performance for three
subject groups

In the current study, spectral modulation and temporal modulation detection performance
were also measured for the three different subject groups. There was no significant difference
between NH and HI subjects with respect to spectral (Fig 6A) and temporal modulation detec-
tion (Fig 6B) performance. CI subject showed significantly poorer performance than NH sub-
jects for the spectral modulation detection, but the difference in temporal modulation
detection thresholds between these two groups was not significant after applying a Bonferroni
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correction. CI subjects showed significantly poorer performance on both spectral and temporal
modulation detection than HI subjects.

These results, however, should be interpreted with caution because differences in perfor-
mance on spectral and temporal modulation detection between subject groups strongly depend
on signal configurations (e.g., modulation frequency). For example, Henry et al. (2005) [5]
showed that CI users’ spectral resolution measured by spectral-ripple discrimination is worse
than that of NH and HI subjects, which is consistent with the results for the spectral modula-
tion detection in the current study. However, in Henry et al. [5], HI subjects showed poorer
performance on spectral-ripple discrimination than NH subjects, whereas in the current study,
NH and HI subjects showed comparable performance on the spectral modulation detection. It
should be noted that, however, the degrees of hearing loss for HI subjects in the current study
ranged primarily between moderate and moderate-to-severe. As noted in the method, the
mean PTA averaged across 23 HI subjects was 53 dB HL. A recent study [42] by the University
of Jowa demonstrated that there is no significant difference in spectral ripple discrimination
performance for recently implanted subjects (implanted during the last 10 years) compared to
HI listeners. Therefore, the significant difference in spectral modulation detection performance
between HI and CI subjects may be partly due to the degree of hearing loss for HI subjects.

In this study, a relatively slow temporal modulation frequency was used for the temporal
modulation detection test. Previously, listeners with sensorineural hearing loss have shown
comparable performance on temporal modulation detection compared to NH subjects [22, 37,
43] as a result of the loudness recruitment that gives rise to the loss of the fast-acting mechanism
in the cochlea and the enhancement of amplitude modulation cues in the auditory periphery.

At 10 Hz modulation frequency, NH and HI subjects in the current study also showed simi-
lar performance on the temporal modulation detection test. In fact, when stimuli were pre-
sented at a most comfortable level for HI subjects, there was a trend that HI subjects performed
slightly better than NH subjects, although the difference was not significant. CI subjects also
showed quite good performance on temporal modulation detection at 10 Hz, consistent with
Won et al. (2011) [26]. Given the fact that both the spectral and temporal modulation detection
tests used a relatively slow modulation frequency in the current study, it is interesting to note
that there was a marked difference in spectral modulation detection performance between elec-
tric hearing (i.e., CI subjects) and acoustic hearing (i.e., NH and HI subjects), but for temporal
modulation detection, difference in performance was relatively small. We speculate that, for
slow modulation frequencies, the effect of the CI-auditory nerve interface may be greater on
spectral processing than on temporal processing. This speculation is partly consistent with the
previous findings that the degree of spread of excitations due to channel interactions in CIs is
significantly correlated with spectral resolution measured by spectral-ripple discrimination
[37] but not with temporal modulation detection at 50 Hz [36].

C. Contribution of spectral and temporal modulation upon speech
perception

In the current study, significant correlations were found between STM detection thresholds
and sentence recognition in quiet and noise across the three subject groups (Fig 7). Visual
inspection on Fig 7A reveals that there was a plateau in K-CID sentence recognition in quiet
(~100%) when STM detection thresholds ranged between -15 and -25 dB. There was little vari-
ability in K-CID sentence recognition scores across NH and HI subjects, but CI subjects
showed a wide range of performance between 0 and 100%. In contrast, a substantial variability
was observed in both HI and CI subjects for HINT sentence recognition in noise. There was
also a plateau in HINT sentence recognition in noise when STM detection thresholds ranged
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between -15 and -20 dB. For both sentence recognition in quiet and in noise, subjects with less
than -15 dB STM detection thresholds tended to show very good sentence identification
performance.

With regard to CI subjects, there were significant correlations between STM detection per-
formance and speech identification performance (Fig 8). The strength of correlations, however,
differed slightly across the STM stimulus conditions. Importantly, there was a pattern that
STM stimuli with lower spectral densities (0.5 and 1.0 c¢/o) tended to show significant correla-
tions with speech identification performance, largely consistent with previous reports [11, 12,
33]. That is, Saoji et al. (2009) [33] and Anderson et al. (2012) [12] demonstrated that spectral
modulation detection thresholds at lower spectral densities (0.25 to 0.5 c/o) showed stronger
correlations for speech perception abilities in CI users, but correlations between speech percep-
tion abilities and spectral modulation detection thresholds at higher spectral densities (1.0 to
3.0 c/o) were less robust. Using 22 bimodal listeners with a CI in one ear and low-frequency
acoustic hearing in the non-implanted ear, Zhang et al. (2013) [11] showed a significant corre-
lation between spectral modulation detection thresholds at 1 c¢/o and the benefit for speech per-
ception when the acoustic and electric stimulation were combined compared to the CI alone.
As argued by Saoji et al. [33] and Anderson et al. [12], it may be possible that speech perception
for CI users might not require to process high frequency spectral modulation cues, but the sen-
sitivity to slow spectral modulation patterns may play the primary role.

In order to elucidate the relative contribution of spectral and temporal modulation cues
upon speech perception abilities in CI users, partial correlations were performed controlling
for the contribution of either spectral or temporal modulation detection thresholds (Table 5).
When the effect of spectral modulation detection at 1 ¢/o was factored out, correlations
between STM detection performance and sentence identification performance became no lon-
ger significant. In contrast, factoring out the effect of temporal modulation detection at 10 Hz
did not affect the correlations between STM detection and sentence recognition. The effect of
temporal modulation detection might have been small because the correlation between tempo-
ral modulation detection at 10 Hz and sentence recognition was weaker (r = -0.33, p = 0.015
for K-CID in quiet; r = -0.23, p = 0.13 for HINT in noise). Previously, Won et al. (2011b) evalu-
ated the relationship between speech perception in quiet and noise and temporal modulation
detection as a function of modulation frequency. In Won et al., significant correlations were
found for relatively higher modulation frequencies (75-300 Hz), but not for relatively slow
temporal modulation frequencies (10 and 50 Hz). Similarly, Gnansia et al. (2013) [24] also
showed that temporal modulation detection abilities for slow modulation frequency (8 Hz)
were not always predictive of speech perception abilities in noise for CI users. Interestingly, as
noted above, CI users appear to utilize slow spectral modulation patterns for speech perception
both in quiet and noise. Taken together, these results suggest that CI users may put more
emphasis on slow spectral modulation cues rather than slow temporal modulation cues for
speech perception.

D. Implications for cochlear implant research

The current study demonstrated that STM detection may be a potentially useful measure of
performance for CI users. First, a wide range of performance was observed across three differ-
ent subject groups, suggesting that the STM detection test is sensitive to altered encoding of
STM cues due to the CI-auditory nerve interface. Second, the results from CI users also showed
a broad range, demonstrating potential utility to evaluate a wide range of CI performance.
Third, CI user’s STM modulation detection performance for low spectral densities was signifi-
cantly correlated with sentence recognition in quiet and in noise. Fourth, test-retest analysis
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revealed that the STM detection test was reliable and does not show a significant learning
effect. Altogether, the results of the current study demonstrate that low spectral density STM
detection may be a viable diagnostic and research tool for evaluating speech perception capabil-
ities in CI users.

As noted in the introduction, STM stimuli in the current study are similar to Schroeder-
phase stimuli [13, 44] in that the broadband acoustic FM patterns are encoded via the so-
called “FM-to-AM conversion” process through the sound processor. The FM-to-AM conver-
sion occurs for CI electrode outputs when the differential attenuation of CI sound processor’s
digital filters produces the conversion of the frequency excursions of FM into the dynamic
variations of the output levels of the filters. The extent to which the FM-to-AM conversion
occurs depends on the frequency selectivity of the auditory system. For example, Lorenzi et al.
(2012) [45] showed that the broadening of cochlear filters associated with sensorineural hear-
ing loss reduces the HI listeners’ ability to identify speech based on the AM cues recovered
from the broadband FM speech signals, when cochlear filters are broadened by a factor greater
than two. Likewise, if CI users are programmed with a sixteen-channel sound coding strate-
gies, the bandwidth of the digital filters is approximately two times wider than the bandwidth
of the normal auditory filters. Nevertheless, recent studies [37, 46] have demonstrated that CI
users can make efficient use of AM cues recovered from speech FM cues both in quiet and in
challenging listening environments, despite poor frequency selectivity. Therefore, significant
correlations found in the current study between STM detection thresholds and sentence iden-
tification performance provide a further evidence that the sensitivity to AM cues recovered
from broadband FM signals may be an important factor contributing to speech perception
capabilities for CI users.

This point is timely important because CI manufacturers and investigators are making
efforts to better represent the acoustic FM information through biphasic pulsatile stimulation
strategies. Won et al. (2014) [46] demonstrated that the ability of CI users to use recovered AM
cues from broadband FM speech cues plays an important role in speech perception for acoustic
environments where original speech cues are severely distorted. In this regard, it is noteworthy
that a measure of sentence identification in steady-state background noise was used in the cur-
rent study. However, CI users receive STM information of the target speech that is degraded by
multiple sources such as fluctuating background noise such as competing speech signals and
environmental sounds, and reverberation. Furthermore, STM speech cues are delivered to CI
users in a distorted fashion because of various sound processor settings (e.g., front-end sound
processing such as noise reduction schemes, beamforming, and sound processing map settings
such as input dynamic range, number of channels, frequency-to-electrode allocation, and etc.).
Therefore, it will be important to evaluate STM detection performance for different sound pro-
cessor settings and assess the relationship to speech perception capabilities when target speech
is degraded by multiple sources existing in daily listening situations. Finally, future studies
should also investigate STM detection performance for different stimulation modes, including
electro-acoustic stimulation, bimodal and bilateral stimulation. For these purposes, the STM
detection test could serve as an efficient, non-linguistic tool to estimate CI users’ sensitivity to
use recovered AM cues from broadband FM signals.

Summary
The current study showed the following:

1. A wide range of STM detection performance was observed across NH, HI, and CI subjects,
indicating the potential influence of altered encoding of STM cues for HI and CI listeners.
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2. High levels of STM detection performance were observed in some CI users in comparison
to NH and HI subjects where STM cues were transmitted solely based on AM cues recov-
ered from broadband FM cues.

3. Test-retest reliability for the STM detection test was good, and no learning was observed.

4. Significant correlations were found between STM detection thresholds for low spectral den-
sities and sentence identification in quiet and in noise.

5. Partial correlation analyses controlling for the effects of either spectral or temporal modula-
tion detection suggest that slow spectral modulation rather than slow temporal modulation
may be important for determining speech perception capabilities for CI users.
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