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Abstract

OBJECTIVE—Fundamental frequency (FO) information is important to Chinese tone and speech

recognition. Cochlear implant (CI) speech processors typically provide limited FO information via

temporal envelopes delivered to stimulating electrodes. Previous studies have shown that English-

speaking Cl users’ speech performance is correlated with amplitude modulation detection thresholds
(AMDTSs). The present study investigated whether Chinese-speaking Cl users’ speech performance
(especially tone recognition) is correlated with temporal processing capabilities.

DESIGN—Chinese tone, vowel, consonant, and sentence recognition were measured in 10 native
Mandarin-speaking CI users via clinically assigned speech processors. AMDTSs were measured in
the same subjects for 20- and 100-Hz AM presented to a middle electrode at 5 stimulation levels that
spanned the dynamic range (DR). To further investigate the Cl users’ sensitivity to temporal envelope
cues, AM frequency discrimination thresholds (AMFDTSs) were measured for 2 standard AM
frequencies (50 and 100 Hz), presented to the same middle electrode at 30% and 70% DR with a
fixed modulation depth (50%).

RESUL TS—Results showed that AMDTs significantly improved with increasing stimulation level,
and that individual subjects exhibited markedly different AMDT functions. AMFDTSs also improved
with increasing stimulation level, and were better with the 100-Hz standard AM frequency than with
the 50-Hz standard AM frequency. Statistical analyses revealed that both mean AMDTSs (averaged
for 20- or 100-Hz AM across all stimulation levels) and mean AMFDTSs (averaged for the 50-Hz
standard AM frequency across both stimulation levels) were significantly correlated with tone,
consonant, and sentence recognition scores, but not with vowel recognition scores. Mean AMDTs
were also significantly correlated with mean AMFDTSs.

CONCLUSIONS—These preliminary results, obtained from a limited number of subjects,
demonstrate the importance of temporal processing to CI speech recognition. The results further
suggest that Cl users’ Chinese tone and speech recognition may be improved by enhancing temporal
envelope cues delivered by speech processing algorithms.

l. INTRODUCTION

During the last two decades, cochlear implant (Cl) users’ overall speech performance has
steadily improved alongside advances in implant and speech processor design. Today, many
Cl users are capable of good speech understanding in quiet, using auditory-only speech cues.
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However, there remains considerable variability in Cl patient outcomes, even among patients
implanted with the same device and fit with the same speech processing strategy. It is important
to understand factors that may underlie this variability in Cl patient outcomes, as such
understanding may help to optimize speech processors for individual Cl patients and guide
further developments in implant design and signal processing.

Individual CI patient factors may contribute to differences in patient outcomes. These factors
include etiology of deafness, age at onset of profound hearing loss, duration of hearing loss
before implantation, experience with implant device, the location and health of surviving
auditory neurons, the location and insertion depth of the electrode array, etc. Psychophysical
measures of spectral and temporal resolution with simple stimuli may partly reflect the extent
to which speech information can be transmitted and received by Cl users via clinically assigned
speech processors (e.g., Shannon, 1983; Shannon, 1989; Shannon, 1992; Busby et al., 1993;
Cazals et al., 1994; Zwolan et al., 1997; Busby and Clark, 1999; Donaldson and Nelson,
2000; Fu, 2002). However, correlations between Cl patients’ psychophysical limits and speech
performance have often been weak, inconsistent, or non-existent.

Previous studies have investigated the relationship between speech performance and sensitivity
to place cues in Cl subjects, but have yielded somewhat contradictory and confusing results.
For example, Zwolan etal. (1997) found significant inter-subject variability in Cl users’ single-
electrode discrimination. When poorly discriminated electrodes were removed from the
clinically assigned speech processor, monosyllabic word and sentence recognition scores were
better than those with the clinically assigned speech processor (which contained all available
electrodes). However, Cl subjects’ electrode discrimination performance was not significantly
correlated with speech recognition scores, or with the improvement in speech performance
when speech processors were optimized by removing electrodes that were not discriminable.
Donaldson and Nelson (2000) observed a significant correlation between place-pitch
sensitivity and consonant place-cue perception in Nucleus-22 implant patients who used the
SPEAK strategy, but not in patients who used the MPEAK strategy. These contradictory results
may have been due to the enhanced representations of spectral envelope cues in the SPEAK
strategy compared to those provided by the MPEAK strategy (Skinner et al., 1994). Thus, CI
patients’ spectral resolution, as measured by simple single-electrode discrimination, may not
predict speech performance, especially when differences in speech processing strategies are
considered.

Measures of CI users’ temporal processing have also produced mixed results, in relation to
speech performance. For example, Shannon (1989) found that CI users’ gap detection
thresholds were 20-50 ms for low stimulation levels and 2-5 ms for high stimulation levels,
similar to those of normal-hearing (NH) subjects listening to acoustic stimuli presented at
comparable loudness levels. While relatively little inter-subject variability was observed in Cl
subjects’ gap detection thresholds, great inter-subject variability was observed in subjects’
speech performance, indicating that CI speech performance was not well predicted by gap
detection thresholds. In contrast, Busby and Clark (1999) examined gap detection in early-
deafened CI subjects who were implanted later in life (the mean duration of deafness before
implantation was ~8 years). Some subjects exhibited very large gap detection thresholds that
ultimately limited access to gross temporal envelope cues in speech signals. For these subjects,
gap detection thresholds were significantly correlated with age at onset of deafness, as well as
with audio-visual sentence recognition scores and corresponding lip-reading enhancements.
Busby and Clark (1999) argued that better gap detection may help ClI subjects to better perceive
stop consonants and word boundaries, and in turn, obtain better audio-visual sentence
recognition scores.
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While temporal gap detection might reflect listeners’ abilities to detect timing cues associated
with stop consonants and/or boundaries of words in sentences, sensitivity to amplitude
variations over time (within or across different frequency bands) may provide a more direct
and comprehensive comparison to speech perception. As described by Rosen (1992), low-
frequency amplitude envelopes (<50 Hz) are important for perceiving prosodic and segmental
speech cues, while periodicity fluctuations (50-500 Hz) contain important temporal envelope
pitch cues. Studies (e.g., Smith et al., 2002) have also shown that temporal fine structure (>500
Hz) isimportant for more challenging listening tasks, e.g., speech understanding in noise, sound
localization, and music perception. Contemporary multi-channel CI speech processors
typically transmit temporal envelope information extracted from individual frequency bands
to corresponding implanted electrodes (e.g., Wilson et al., 1991). Because different frequency
bands contain different temporal envelopes at different amplitudes, amplitude modulation
detection thresholds (AMDTS) may be a relevant measure of temporal processing in relation
to speech perception.

Shannon (1992) found that CI users’ temporal modulation transfer functions (TMTFs; AMDTs
as a function of modulation frequency) showed similar low-pass filter characteristics as those
of NH listeners (e.g., Viemeister, 1979), but with relatively higher low-pass cut-off frequencies
(140 Hz for Cl users versus 70 Hz for NH listeners). While modulation sensitivity is relatively
homogeneous across NH listeners, there is significant variability in modulation sensitivity
among CI users. For example, Bushy et al. (1993) found that pre-lingually deafened but late-
implanted CI users had elevated AMDTSs, relative to post-lingually deafened CI users. They
also found greater inter-subject variability in modulation sensitivity for pre-lingually deafened,
late-implanted CI users than for post-lingually deafened CI users. Cl users may also differ in
terms of modulation sensitivity at different modulation frequencies, which may contribute to
the variability in speech performance. For example, Cazals et al. (1994) found that post-
lingually deafened CI users’ consonant and vowel recognition scores were significantly
correlated with the deficit in modulation sensitivity at higher modulation frequencies (i.e., >400
Hz), rather than overall modulation sensitivity across all modulation frequencies. Modulation
sensitivity is also known to vary according to loudness (e.g., Shannon, 1992), and CI users
may differ in terms of modulation sensitivity at different stimulation levels. For example, Fu
(2002) found that post-lingually deafened Cl users” AMDTSs were significantly correlated with
phoneme recognition scores when averaged across each subject’s entire electric dynamic range
(DR), rather than at a single stimulation level. Modulation sensitivity has also been shown to
vary with electrode location (e.g., Pfingst et al., 2008) and carrier pulse rate (e.g., Galvin and
Fu, 2005; Pfingst et al., 2007).

Correlation analyses from previous studies indicate the importance of temporal speech features
and ClI users’ temporal processing capabilities for speech recognition. The contribution of
temporal speech cues is especially strong for tonal languages such as Mandarin Chinese. In
general, Mandarin-speaking Cl users’ Chinese tone recognition performance is moderate,
ranging from 50% to 70% correct (e.g., Fu et al., 2004; Wei et al., 2004). Fundamental
frequency (FO) cues are important for Chinese tone recognition (e.g., Liang, 1963; Lin,
1988). However, the coarse spectral resolution provided by most Cls does not adequately
encode FO information. Thus, CI users’ tone recognition relies more strongly on temporal
envelope and periodicity cues found within frequency channels (e.g., Fu et al., 1998; Fu and
Zeng, 2000; Xu et al., 2002; Luo and Fu, 2004). Wei et al. (2004) found that CI users’ pulse
rate discrimination thresholds were significantly correlated with tone recognition, and only
marginally correlated with sentence recognition, possibly because of the small number of
subjects in the study (5 CI users). In a more recent study, Wei et al. (2007) compared Chinese
tone recognition performance to gap detection and frequency discrimination thresholds in 17
Mandarin-speaking CI users, and found that Chinese tone recognition in quiet was correlated
with frequency discrimination thresholds only at 1000 Hz. Note that in Wei et al. (2007), gap
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detection and frequency discrimination thresholds were both measured acoustically via ClI
subjects’ clinically assigned processors, and the speech processors’ automatic gain control,
acoustic frequency-to-electrode allocation, and stimulation rate may have influenced measures
of psychophysical sensitivity. Also note that Cl subjects’ acoustic frequency discrimination
via clinical speech processors is likely to involve both spectral and temporal processing. When
an acoustic sine wave is input to a multi-channel clinical speech processor, more than one
electrode is typically stimulated. Cl subjects may use changes in the cross-channel stimulation
pattern to discriminate acoustic input frequencies. Because of the limits of ClI temporal
processing, these spectral envelope cues may be more strongly used for discrimination of
relatively high acoustic frequencies (e.g., >1000 Hz). In contrast, Cl subjects may be able to
better use within-channel temporal cues for discrimination of relatively low acoustic
frequencies (e.g., <300 Hz). In the present study, Cl users” modulation sensitivity was measured
using a research interface, thereby bypassing the clinically assigned speech processor. ClI
research interfaces have been used extensively for psychophysical measurements. By
bypassing the clinical speech processor and the associated processing to the acoustic input,
psychophysical measurements via research interface may better reflect general subject factors
such as neural survival conditions, which are independent of speech processing strategies.

In the present study, Chinese tone, vowel, consonant, and sentence recognition were measured
in 10 native Mandarin-speaking post-lingually deafened Cl users. To recognize speech patterns
(especially tonal patterns), CI users must not only detect the presence of AM, but also detect
changes in AM frequency. Thus, AMDTs were measured in the same subjects for low-
frequency amplitude envelopes (20-Hz AM) and periodicity fluctuations (100-Hz AM);
AMDTSs were measured at 5 stimulation levels (10, 30, 50, 70, and 90% DR). AM frequency
discrimination thresholds (AMFDTSs) were also measured in the same subjects; AMFDTs were
measured for 2 standard AM frequencies (50 and 100 Hz) at 2 stimulation levels (30% and
70% DR). To evaluate the contribution of temporal amplitude modulation processing to speech
perception, in each subject, AMDTs and AMFDTs were compared to performance in each of
the speech recognition tasks. AMDTs and AMFDTSs were also directly compared in each
subject to see whether better overall modulation sensitivity provided better sensitivity to
changes in modulation rate.

Il. METHODS

A. Subjects

Ten post-lingually deafened native Mandarin-speaking Nucleus-24 CI users (6 males and 4
females) participated in the present study. All subjects were implanted at the Cochlear Implant
Center, Peking Union Medical College Hospital. Table 1 shows the relevant demographic
details for these subjects. Subjects were paid for their participation and informed consent was
obtained from all subjects.

B. Chinese Speech Recognition Tests

Chinese tone, vowel, and consonant recognition were measured using speech stimuli derived
from the ‘Chinese Standard Database’ (Wang, 1993). For Chinese tone recognition, 6 Mandarin
Chinese single-vowel syllables (/a/, /o, le/, [il, [ul, [i/ in Pinyin; [A], [o], [y]. [i], [ul, [y] in

International Phonetic Alphabet, IPA) were produced by 2 male and 2 female talkers according
to 4 tones (Tone 1 - flat, Tone 2 - rising, Tone 3 - falling-rising, Tone 4 - falling), resulting in
a total of 96 tokens. For vowel recognition, 12 Mandarin Chinese single- and combined-vowel
syllables (/a/, /ol, Iel, fil, lul, lul, /ail, laol, foul, [an/, lang/, /en/ in Pinyin; [A], [0], [y]. [i], [ul,
[yl [ai], [a u], [ou], [an], [a p], [en] in IPA) were produced 2 times by 2 male and 2 female
talkers according to Tone 1, resulting in a total of 96 tokens. For consonant recognition, 16

Mandarin Chinese initial consonants (/b/, /c/, /d/, If], g/, Ih/, [kI, I\, Imi, Inl, Ipl, Is], It/, Iwl, [
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yl, [zl in Pinyin; [b], [ts°], [t], [f*], [K], [x], [k‘], [I], [m], [n], [b°], [s], [t°]. [w], [i]. [ts] in IPA)
were produced by 2 male and 2 female talkers in a consonant-/a/ context (/a/ was produced
according to Tone 1), resulting in a total of 64 tokens. All phoneme stimuli were lexically
meaningful in Mandarin Chinese. A 16-bit A/D converter at a 16-kHz sampling rate (without
high frequency pre-emphasis) was used to digitize the stimuli. Chinese sentence recognition
was measured using the Mandarin Hearing in Noise Test (HINT; Soli, 2003). One male talker
produced 240 every-day Chinese sentences of easy to moderate difficulty (10 key words per
sentence). The sentence database was divided into 12 lists (20 sentences per list). All sentence
stimuli were digitized using a 16-bit A/D converter at a 24-kHz sampling rate (without high
frequency pre-emphasis).

During all speech recognition tests, Cl subjects were tested while listening with their clinically
assigned speech processors and microphone/sensitivity settings (set for conversational speech
levels). Subjects were instructed to not change any settings during the experiments. Subjects
were seated in a double-walled sound-treated booth and listened to the stimuli presented in
sound field over a single loudspeaker. The presentation level was fixed at 65 dBA. Closed-set
identification tasks were used to measure tone (4-choices), vowel (12-choices), and consonant
(16-choices) recognition. The corresponding stimulus set was presented to each subject only
once for each of the tone, vowel, and consonant recognition tasks. In each trial, a stimulus
token was randomly selected (without replacement) from within the stimulus set and presented
to the subject; subjects responded by clicking on one of the response choices shown on the
screen. Responses were collected and scored in terms of percent correct. For open-set Chinese
sentence recognition, a sentence list with 20 sentences was randomly selected from the
Mandarin HINT for each subject. In each trial, a sentence was randomly selected (without
replacement) from within the list and presented to the subject. Subjects were instructed to repeat
the sentence as accurately as possible. Responses were collected and scored in terms of key
word percent correct. No preview, training, or feedback was provided for any speech
recognition test.

C. Amplitude Modulation Detection and Modulation Frequency Discrimination Tests

All stimuli were delivered via custom research interface (HEINRI; Shannon et al., 1990;
Wygonski and Robert, 2001). Stimuli were 300-ms, biphasic pulse trains. The stimulation rate
was fixed at 2000 pulses per second (pps). This relatively high carrier rate (i.e., higher than
those typically used in clinical processors) was used to avoid possible aliasing effects with
amplitude modulation. For each pulse, the phase duration was 50 ps, and the inter-phase gap
was 8 us. Before beginning the AMDT and AMFDT experiments, the electric DR was
estimated in each subject for electrode 10 (MP1+2 stimulation mode), using steady-state
unmodulated stimuli. A counting method was used to estimate absolute detection thresholds,
similar to clinical fitting procedures. Beginning at a sub-threshold level, the current amplitude
was increased until subjects were able to correctly count the number of stimuli; the amplitude
was then reduced until subjects could no longer correctly count the number of stimuli. These
ascending and descending sequences were repeated several times, and absolute detection
thresholds were calculated as the average amplitude across these reversals. A method of limits
was used to measure maximum comfortable levels (MCLSs), defined as the maximum
stimulation level that subjects could comfortably listen to for an extended period of time (e.g.,
during an experiment). Subjects pressed a mouse button to slowly increase the current
amplitude until achieving MCL; MCLs were averaged across several measures to ensure
reliable levels. The estimated DR was calculated as the difference in current level (in linear
MA) between threshold and MCL.

1. AMDT—AMDTs were measured for electrode 10 for 2 modulation frequencies (20 and 100
Hz) at 5 stimulation levels (10, 30, 50, 70, and 90% of the estimated DR, calculated in linear
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MA), resulting in a total of 10 experimental conditions. For AM stimuli, the reference pulse
amplitude was modulated by a 20- or 100-Hz sine wave, with the starting phase fixed at 180°.
AMDTSs were measured using an adaptive three-alternative forced-choice (3AFC) procedure
(3-down/1-up), converging on the modulation depth that produced 79.4% correct response
(Levitt, 1971). In each trial, there were 3 stimulation intervals, 2 of which (randomly selected)
contained steady-state, unmodulated stimuli and the other contained the AM stimulus. Subjects
were asked to choose which interval was different, and the modulation depth of the AM
stimulus was adjusted according to subject response. No feedback was provided. The starting
value of the modulation depth was adjusted for the different reference stimulation levels, and
was set to ensure that subject responses for the first 3 trials were always correct. The step size
of the modulation depth was also adjusted for the different experimental conditions and for
individual subjects, and was reduced to half of the initial step size after the first 4 reversals.
The adaptive run terminated after 12 reversals, or after 60 trials with a minimum of 8 reversals.
AMDTSs were calculated as the average modulation depth across the final 8 reversals. The test
order of experimental conditions was randomized across subjects.

2. AMFDT—AMFDTSs were measured for 2 standard AM frequencies (50 and 100 Hz) at 2
stimulation levels (30% and 70% DR), resulting in a total of 4 experimental conditions. For
AM stimuli, the reference pulse amplitude was modulated by a sine wave, with the starting
phase fixed at 180°. The standard AM frequency was varied according to the different
experimental conditions, and the modulation depth was fixed at 50%, which was well above
the AMDTSs for the 2 standard AM frequencies at the 2 stimulation levels (see the AMDT
results). All other stimulation parameters were the same as for the AMDT experiments. Before
beginning the AMFDT experiments, the AM stimuli with the 2 standard frequencies at both
stimulation levels were loudness-balanced to steady-state, unmodulated stimuli presented at
the corresponding stimulation level; this loudness-balancing procedure helped to equate
loudness across the different standard AM frequencies. A 2AFC, double-staircase procedure
(Jesteadt, 1980; Zeng and Turner, 1991) was used; depending on the sequence, the adaptation
rule was 2-down/1-up or 2-up/1-down. The standard stimulus was a steady-state, unmodulated
pulse train, and the reference amplitude of the AM stimulus was adjusted according to subject
response (0.8 dB step size for the first 4 reversals and 0.4 dB step size thereafter). The sequences
terminated after 12 reversals, or after 60 trials with a minimum of 8 reversals. The reference
amplitudes of the final 8 reversals were averaged for each sequence; the mean values from
both sequences were then averaged to obtain the loudness-balanced reference amplitudes for
the AM stimuli used in the AMFDT experiments. When measuring AMFDTS, it is possible
that the loudness of the probe AM stimulus may change with its modulation frequency; this
loudness cue may be used to discriminate AM stimuli if the modulation frequency difference
is sufficiently large. One way to reduce such loudness cues is to apply amplitude roving to AM
stimuli. However, Chatterjee and Peng (2008) found that while amplitude roving of +0.5 dB
made the modulation frequency discrimination task more difficult, AMFDTs for 50- and 100-
Hz standard frequencies were not significantly affected by amplitude roving (or the lack
thereof). Therefore, no amplitude roving was used in our AMFDT measurements.

AMFDTSs were measured using an adaptive 3AFC procedure (3-down/1-up), converging on
the modulation frequency that produced 79.4% correct response (Levitt, 1971). In each trial,
there were 3 stimulation intervals, 2 of which (randomly selected) contained the reference AM
stimuli and the other contained the probe AM stimulus. Note that the probe AM frequency was
always higher than the reference AM frequency. Subjects were asked to choose which interval
was different, and the probe AM frequency was adjusted according to subject response. No
feedback was provided. The starting value of the probe AM frequency was adjusted for the
different reference AM frequencies and stimulation levels, and was set to ensure that subject
responses for the first 3 trials were always correct. The linear step size of the probe AM
frequency was also adjusted according to the experimental conditions, and was reduced after
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the first 4 reversals. The adaptive run terminated after 12 reversals, or after 60 trials with a
minimum of 8 reversals. The probe AM frequencies across the final 8 reversals were averaged.
AMFDTSs were calculated as the ratio between the probe AM frequency difference limen (DL)
and the reference AM frequency (i.e., Weber’s fraction). The test order of experimental
conditions was randomized across subjects.

lll. RESULTS

A. Chinese Speech Recognition

B. AMDT

C. AMFDT

Figure 1 shows tone, vowel, consonant, and sentence recognition scores for individual subjects,
as well as averaged across all subjects. Note that for all speech tests, there was great inter-
subject variability in recognition performance. Mean tone recognition was 60.6% correct, while
mean vowel, consonant, and sentence recognition were 68.9%, 52.8%, and 79.2% correct,
respectively.

Table 2 shows the multiple pair-wise Pearson correlation coefficients and significance levels
(with Bonferroni correction) between the different speech recognition tests. All pair-wise
correlations were significant or approached significance, except that between tone and vowel
recognition.

Figure 2 shows individual subjects’ AMDTSs for 20-Hz AM (left panel) and 100-Hz AM (right
panel), as a function of the reference stimulation level (in percent DR). There was large inter-
subject variability in overall modulation sensitivity. For example, for 20-Hz modulation,
subject S6 had the best modulation detection threshold among all subjects at 10% DR; however,
AMDTSs only slightly improved with stimulation level, saturating at 50% DR. In contrast,
subject S10°’s AMDTSs continuously improved with stimulation level; thus, overall modulation
sensitivity was much better for S10 than for S6. A two-way repeated measures analysis of
variance (RM ANOVA) showed significant effects for both AM frequency [F(1,36)=5.8,
p=0.039] and stimulation level [F(4,36)=62.4, p<0.001]; there was no significant interaction
between AM frequency and stimulation level [F(4,36)=1.7, p=0.175, power of analysis: 0.20].
Post hoc Bonferroni t-tests showed that AMDTSs were significantly better for 20-Hz AM than
for 100-Hz AM. Also, AMDTSs significantly improved as the stimulation level was increased
(p<0.03), except from 70% to 90% DR.

Figure 3 shows individual subjects” AMFDTSs (in AF / F) obtained at 30% DR (left panel) and
70% DR (right panel), as a function of the standard AM frequency. Similar to AMDTSs, there
was great inter-subject variability in AMFDTSs, in terms of overall sensitivity and the slope of
the functions. At both stimulation levels, AMFDTs were generally lower with the 100-Hz
standard frequency than with the 50-Hz standard frequency. Note that at 30% DR, only 6 of
the 10 subjects were able to perform the modulation frequency discrimination task with the
100-Hz standard frequency, while at 70% DR, all subjects except S8 were able to perform the
task with the 100-Hz standard frequency. Therefore, AMFDTs were successfully obtained in
only 6 of the 10 subjects for the 50- and 100-Hz standard frequencies at 30% and 70% DR.
These data were analyzed using a two-way RM ANOVA, which showed significant effects for
stimulation level [F(1,5)=6.8, p=0.048], but not for standard frequency [F(1,5)=6.1, p=0.0586,
power of analysis: 0.45]. There was no significant interaction between stimulation level and
standard frequency [F(1,5)=1.7, p=0.250, power of analysis: 0.10].
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D. Speech Recognition vs. AMDT

Cl subjects’ Chinese tone, vowel, consonant, and sentence recognition scores were correlated
with their mean 20- and 100-Hz AMDTSs (averaged across all stimulation levels). Figure 4
shows individual subjects’ speech performance as a function of their mean 20-Hz AMDTSs; the
solid lines show the linear regressions between the different speech recognition scores and the
mean 20-Hz AMDTSs. Mean 20-Hz AMDTSs were significantly correlated with Chinese tone
[r2=0.628, p=0.006], consonant [r2=0.506, p=0.021], and sentence recognition scores
[r2=0.571, p=0.012], but not with vowel recognition scores [r2=0.332, p=0.081, power of
analysis: 0.41]. Figure 5 shows individual subjects’ speech performance as a function of their
mean 100-Hz AMDTs; the solid lines show the linear regressions between the different speech
recognition scores and the mean 100-Hz AMDTSs. Mean 100-Hz AMDTSs were significantly
correlated with Chinese tone [r2=0.528, p=0.017], consonant [r2=0.465, p=0.030], and
sentence recognition scores [r2=0.545, p=0.015], but not with vowel recognition scores
[r2=0.260, p=0.132, power of analysis: 0.32]. This pattern of correlation with speech
performance was very similar to that of 20-Hz AMDTSs. If anything, speech performance for
these subjects was slightly better correlated with 20-Hz AMDTSs than with 100-Hz AMDTSs.

E. Speech Recognition vs. AMFDT

F. AMDT vs.

Cl subjects’ Chinese tone, vowel, consonant, and sentence recognition scores were also
correlated with their mean 50- and 100-Hz AMFDTs. AMFDTSs with the 50-Hz standard
frequency were successfully obtained in all 10 Cl subjects at both stimulation levels (30% and
70% DR). Figure 6 shows individual subjects’ speech performance as a function of their mean
50-Hz AMFDTs (averaged across both stimulation levels); the solid lines show the linear
regressions between the different speech recognition scores and the mean 50-Hz AMFDTSs.
Similar to mean AMDTS, mean 50-Hz AMFDTs were significantly correlated with Chinese
tone [r2=0.396, p=0.050], consonant [r2=0.461, p=0.031], and sentence recognition scores
[r2=0.455, p=0.032], but not with vowel recognition scores [r2=0.342, p=0.076, power of
analysis: 0.43]. AMFDTs with the 100-Hz standard frequency were successfully obtained in
only 9 subjects at 70% DR, and in only 6 subjects at 30% DR. Therefore, Figure 7 shows only
9 subjects’ speech performance as a function of their 100-Hz AMFDTSs (obtained at 70% DR);
the solid lines show the linear regressions between the different speech recognition scores and
the 100-Hz AMFDTs. Different from the mean 50-Hz AMFDTSs, 100-Hz AMFDTSs (obtained
at 70% DR) were not significantly correlated with Chinese tone [r2=0.184, p=0.249, power of
analysis: 0.20], vowel [r?=0.033, p=0.639, power of analysis: 0.07], consonant [r2=0.226,
p=0.195, power of analysis: 0.24], or sentence recognition scores [r2=0.071, p=0.487, power
of analysis: 0.10].

AMFDT

Figure 8 shows individual subjects’ mean AMDTSs (averaged across the entire DR and across
the 20- and 100-Hz modulation frequencies) as a function of their mean AMFDTSs (averaged
across both stimulation levels for the 50-Hz standard frequency); the solid line shows the linear
regression between the two psychophysical measures. There was a significant correlation
between mean AMFDTSs and mean AMDTSs [r2=0.474, p=0.028]. Note that subject S7 had
relatively good modulation frequency discrimination, but relatively poor modulation detection.
In contrast, subject S10 had relatively good modulation detection, but relatively poor
modulation frequency discrimination.

IV. GENERAL DISCUSSION

In the present study, Chinese speech recognition and modulation sensitivity were measured in
10 Mandarin-speaking CI subjects; correlations between these measures suggest that variable
speech performance is at least partly due to limitations in temporal processing. Chinese speech
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recognition scores were comparable to those reported in previous studies (e.g., Fu et al.,
2004; Wei et al., 2004). Although current CI speech processors are not specifically designed
for tonal languages, CI subjects achieved moderate levels of tone recognition (42% to 75%
correct); Chinese phoneme and sentence recognition scores were similar to those of English-
speaking CI users (e.g., Fu, 2002).

Consistent with the results from Fu (2002) and Pfingst et al. (2007), AMDTSs for the present
study ranged from —5 to —40 dB re 100%, and improved with increasing stimulation level.
Interestingly, the shapes of the AMDT-versus-level functions were slightly different among
the three studies. In the Fu (2002) study, AMDTSs for 100-Hz AM did not significantly improve
for stimulation levels beyond ~50% DR, similar to the 40-Hz AMDTSs obtained with the 250
Hz carrier rate in Pfingst et al. (2007); in the present study, the 100-Hz AMDTSs generally
continued to improve with increasing stimulation level, even for levels greater than 50% DR
(see the right panel in Figure 2), similar to the 40-Hz AMDTSs obtained with the 4000 Hz carrier
rate in Pfingst et al. (2007). This relatively small difference among these studies may have
been due to different choices of stimulation parameters (e.g., different carrier rates and
modulation frequencies), as well as relative differences in subjects’ experience with the AM
detection task. Compared to the more experienced subjects in the Fu (2002) study, the subjects
in the present study had little to no previous experience in psychophysical tests. It is possible
that, with more testing experience, with feedback, or with explicit training, these subjects might
have performed better and reached the ceiling performance at lower stimulation levels (e.g.,
around 50% DR). In the present study, AMDTs for 20-Hz AM were better than those for 100-
Hz AM, in agreement with the low-pass filter characteristics of Cl users’ typical TMTFs (e.g.,
Shannon, 1992).

In contrast to the Fu (2002) study, the present study found that mean 20- or 100-Hz AMDTSs
across the entire DR were significantly correlated with consonant recognition scores, but not
with vowel recognition scores. This result might be expected, as vowel recognition depends
more on spectral envelope cues (e.g., formant frequencies), and less on temporal envelope cues.
More interestingly, tone recognition was significantly correlated with mean 20- or 100-Hz
AMDTSs, which indirectly demonstrates the importance of temporal envelope cues to tone
recognition in Cls. In contrast, Chatterjee and Peng (2008) did not find significant correlation
between Cl subjects” AMDTSs and their speech intonation recognition performance (which also
strongly relies on pitch information). However, they measured AMDTSs only at 50% DR for
several modulation frequencies from 50 to 300 Hz. Taken together, it is not surprising that
Chinese sentence recognition, as a combination of phoneme and tone recognition, was also
significantly correlated with mean AMDTSs.

AMFDTSs in the present study were higher than previously reported data. Chatterjee and Peng
(2008) reported that AMFDTSs (in AF / F) for 9 Cl subjects with the 50- and 100-Hz standard
AM frequencies were lower than 1.0 (measured at 50% DR and 20% modulation depth). In
the present study, some subjects exhibited AMFDTSs higher than 1.0 with the 50-Hz standard
AM frequency, even at 70% DR. Again, subjects’ relative inexperience in psychophysical
testing may have contributed to the elevated AMFDTSs and performance may have improved
with experience, feedback, or training. Similar to AMDTSs, AMFDTSs were also level
dependent. Increasing loudness slightly improved CI subjects’ sensitivity to changes in AM
frequency. In terms of the effect of standard AM frequency, AMFDTSs were better with the
100-Hz standard frequency than with the 50-Hz standard frequency, consistent with the
observations in Chatterjee and Peng (2008). The AMFDT-versus-frequency functions in
Chatterjee and Peng (2008) have band-pass filter characteristics, with AMFDTSs increasing for
standard frequencies higher or lower than 100 Hz, which are slightly different from the low-
pass filter characteristics of typical TMTFs (Viemeister, 1979; Shannon, 1992). Subject S3 in
the present study also exhibited atypical modulation frequency sensitivity, as he was able to
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discriminate between 100-Hz and 150-Hz AM stimuli, but could not discriminate between 50-
Hz and 150-Hz AM stimuli. Taken together, these results suggest that AMFDTSs with the 100-
Hz standard frequency may be a more pitch-related measure, compared to those with the 50-
Hz standard frequency. Chatterjee and Peng (2008) have suggested that the higher AMFDTSs
with the 50-Hz standard AM frequency may be related to the smaller number of modulation
periods available within the 300-ms stimulation interval.

In the present study, mean AMFDTs with the 50-Hz standard AM frequency were significantly
correlated with tone, consonant, and sentence recognition scores, similar to results from
Chatterjee and Peng (2008), who found that CI subjects’ mean AMFDTSs were significantly
correlated with their intonation recognition results, but in exponential correlation functions.
The significant correlation between speech performance and mean 50-Hz AMFDTSs shed
further lights on the role of temporal processing in speech recognition. It is clear that tone
recognition would be enhanced by temporally cued pitch or tonal information, and Chinese
sentence recognition would be improved with better tone recognition (e.g., Fu et al., 1998).
The correlation between consonant recognition and mean 50-Hz AMFDTSs may reflect some
general aspects of temporal modulation that are important for perceiving consonants, rather
than for pitch. Surprisingly, 100-Hz AMFDTSs (obtained at 70% DR) were not significantly
correlated with any of the speech measures. Note that in the present study, AMFDTSs could not
be measured for many subjects with the 100-Hz standard frequency at 30% DR, resulting in a
limited data set to be correlated with speech performance. For the 9 subjects who were able to
perform the modulation frequency discrimination task with the 100-Hz standard frequency at
70% DR, 100-Hz AMFDTSs were relatively good, with relatively little inter-subject variability,
which may have also contributed to the weaker correlation with speech performance.
Interestingly, mean AMDTSs were significantly correlated with mean 50-Hz AMFDTs,
suggesting that Cl subjects with better modulation detection sensitivity were better at detecting
changes in AM frequency.

Wei et al. (2004) also showed that Cl users’ stimulation rate discrimination was significantly
correlated with tone recognition performance. Modulation rate DLs (as measured in the present
study) and stimulation rate DLs (as measured in Wei et al., 2004) are generally similar, given
that both are measures of Cl users’ temporal resolution and tend to sharply elevate for standard
rates above 300 Hz (e.g., Zeng, 2002; Baumann and Nobbe, 2004). However, the pitch percept
elicited from amplitude modulation rate (temporal envelope pitch) is perceptually distinct from
that elicited from carrier stimulation rate (temporal rate pitch); the salience of the temporal
envelope pitch increases, while that of the temporal rate pitch decreases, with increasing
modulation depth (McKay and Carlyon, 1999). AMFDTSs have also been found to be much
higher than stimulation rate DLs for standard rates between 200 and 600 Hz (Baumann and
Nobbe, 2004).

It should be noted that AMDTs and AMFDTs may be affected by experimental parameters
such as the carrier stimulation rate, stimulation mode, and electrode location (e.g., Galvin and
Fu, 2005; Pfingst et al., 2006, 2007, 2008; Chatterjee and Peng, 2008). For example, Pfingst
et al. (2008) found that AMDTSs were highly variable across electrode locations for most CI
subjects, suggesting that AMDTSs should be measured at more than one electrode location to
provide accurate estimates of Cl users’ modulation sensitivity. Note also that the single-
electrode psychophysical measures in the present study were independent of Cl speech
processing parameters that are known to significantly affect speech performance (e.g., the
number and insertion depth of implanted electrodes, acoustic frequency-to-electrode
allocation, etc.). In the future, the present study may be extended by testing a larger sample of
subjects and evaluating the effects of feedback and/or training on the AM-related
psychophysical tasks. Nonetheless, the preliminary results of the present study (in agreement
with previous studies) showed that Cl users’ Chinese speech recognition (especially tone

Ear Hear. Author manuscript; available in PMC 2009 July 1.



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

1duasnuey Joyiny vd-HIN

Luo et al.

Page 11

recognition) performance was significantly correlated with their temporal processing
capabilities, as measured on a single electrode. Based on these observations, it may be possible
to enhance Chinese tone and speech recognition by training CI users to perceive relatively
subtle changes in AM electrical stimulation patterns using psychophysical tasks. Another
approach (albeit with only limited success to date) would be to develop CI signal processing
strategies to enhance temporal envelope cues (e.g., Geurts and Wouters, 2001; Green et al.,
2004, 2005; Luo and Fu, 2004; Vandali et al., 2005, 2007; Laneau et al., 2006; Hamilton et
al., 2007) or to improve the neural response to temporal envelope fluctuations (e.g., Rubinstein
etal., 1999).

V. CONCLUSIONS

In the present study, Chinese speech recognition, AMDTSs, and AMFDTs were measured in 10
Mandarin-speaking CI subjects. AMDTSs significantly improved with increasing stimulation
level, and individual subjects exhibited markedly different AMDT functions. AMFDTSs also
improved with increasing stimulation level, and were better with the 100-Hz standard
frequency than with the 50-Hz standard frequency. Mean AMDTSs (averaged for 20- or 100-
Hz AM across the entire DR) and mean AMFDTSs (averaged for the 50-Hz standard AM
frequency across 30% and 70% DR) were significantly correlated with tone, consonant, and
sentence recognition scores, but not with vowel recognition scores. These preliminary results
further confirm the importance of temporal envelope cues to Cl users’ Chinese speech
recognition (especially tone recognition).
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Figure 1.

Individual subject and mean Chinese speech recognition scores. The error bars represent one
standard deviation.
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Figure 2.
Individual subjects” AM detection thresholds for 20-Hz AM (left panel) and 100-Hz AM (right
panel), as a function of the stimulation level (in percent DR).
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Figure 8.

Mean AMDTSs (averaged across 20- and 100-Hz AM, and across the entire DR) as a function
of the mean 50-Hz AMFDTSs (averaged across 30% and 70% DR). The solid line shows the
linear regression between the two psychophysical measures.

Ear Hear. Author manuscript; available in PMC 2009 July 1.



Page 22

Luo et al.

00'G (00zT) 30V LT UOIEDIISSO e9|490D N 14 0TS
€80 (006) 30V 9 aWo1puAs 1onpanby Jejngnsa/ abie N 9z 6S
05T (00zT) 30V 4 umoudun 4 6 8s
002 (00zT) 30V 1 Ano1x010)0 W 62 LS
1A (006) 30V 81 sijosed 4 8z 9
€e0 (006) 30V 80 ss07] Butieay uappng N 8Y Gs
99'T (006) 30V 4 umoudun 4 z€ S
G0 (006) 30V € umouxun N 15 €s
sLe (006) 30V A umoudun 4 € s
€e0 (006) 30V Gt Ano1x010)0 W €5 1S
(s104 UOIIRINWINS) (saeah)
s1S8y1s04d Yyam saea A ABareas Buissadodd ssaujeap Jo uoneang ABojon3 J13pus (saeak) aby 108lgns

"9p0.199]9 Jad puodss Jad sas|nd ui sI a7eJ UoIRINWNS
pue ‘BuIpoouT UONBUIGWIOD PSJUBAPY J0) SpuBlS 3DV Teyl aloN 's108lgns juejdwi Jesjyd0d sy Joj sjrelsp dlydesBowap JueAs|ay

Ear Hear. Author manuscript; available in PMC 2009 July 1.

T alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

NIH-PA Author Manuscript



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

1duosnue Joyiny vd-HIN

Luo et al.

Table 2

Vowel Tests Consonant Tests Sentence Tests
Tone Tests r?=0.51, p=0.123 r?=0.68, p=0.019 r?=0.68, p=0.019
Vowel Tests r?=0.59, p=0.054 r?=0.86, p=0.001

Consonant Tests

r?=0.77, p=0.006
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Multiple pair-wise Pearson correlation coefficients and significance levels (with Bonferroni correction) between the
different speech recognition tests.



