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Abstract

This study examined tone recognition in five cochlear-implant subjects who were native speakers of Mandarin and used a Nu-

cleus-22 device. Psychophysical experiments were conduced to measure rate discrimination in individual electrodes from the most

apical to the most basal electrodes. The rate range was from 100 to 200 Hz, which corresponded to the range of variation in fun-

damental frequency for the tonal tokens used in this study. Speech recognition experiments were also conducted to measure tone

recognition as function of the number of electrodes from a 1-electrode map to a 20-electrode map. Large individual variability

was observed for both rate discrimination and tone recognition result: Average rate discrimination ranged between 0.2 and 1.2 (We-

ber�s fraction) whereas tone recognition ranged between 30% and 70% correct. A highly significant correlation was found between

rate discrimination and tone recognition with the 20-electrode map, but a non-significant correlation was observed with the 1-elec-

trode map due to a floor effect in tone recognition. The present result supports the hypothesis that both spectral and temporal cues

contribute to tone recognition. In addition, the present result shows that current cochlear-implant subjects produced significantly

lower performance than acoustic simulations in normal-hearing subjects, suggesting that neither temporal nor spectral cues have

been adequately and appropriately extracted and encoded in current cochlear implants. New designs are discussed to improve tone

recognition in cochlear implant subjects.

� 2004 Elsevier B.V. All rights reserved.
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1. Introduction

More than 60,000 hearing-impaired persons world-

wide have received cochlear implants and derived bene-

fits in daily life. Due to economical reasons, the

overwhelming majority of current cochlear implant us-
ers live in western countries where the cochlear implant
0378-5955/$ - see front matter � 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.heares.2004.06.002

q A preliminary version of the present paper was published in

Chinese text, but none of the present tables and figures was published

previously (Wei, C., Cao, K., Wang, Z., Zeng, F.G. 1999. Rate

discrimination and tone recognition in mandarin-speaking cochlear-

implant listeners. Chin J. Otorhinolaryngol. 34, 84–88.).
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was developed and manufactured. Recently, there has

been a surge in cochlear implantation in developing

countries, particularly in China where several hundred

persons received a single-electrode device (Zeng, 1995)

and more than 1600 persons have received modern mul-

ti-electrode cochlear implants (Cao, 2004; Han, 2004).
Because essentially all Chinese dialects, including Can-

tonese and Mandarin, are tonal languages, in which

pitch variations convey lexically different meanings, it

would be interesting to find out whether speech process-

ing strategies in cochlear implants are adequate to en-

code this important tonal information. After all, at

least one quarter of the world population speaks tonal

language (e.g., Chinese, Thai, and Vietnamese).

mailto:fzeng@uci.edu 
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Fig. 1. Mandarin tone patterns. Fundamental frequency contours are

plotted as a function of time. Tone 1 has flat and relatively high pitch

contour (‘‘-’’), tone 2 has a rising contour, tone 3 has falling-rising

contour, and tone 4 has a falling pattern. The longer duration for tone

3 and shorter duration for tone 4 are also typical for Mandarin tones.
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Fig. 1 provides an example of the pitch variation pat-

terns in Mandarin tones. The same consonant–vowel

syllable, /ma/, may mean ‘‘mother’’, ‘‘linen’’, ‘‘horse’’,

or ‘‘curse’’, depending on fundamental frequency varia-

tions including flat (tone 1), rising (tone 2), falling-rising

(tone 3), and falling (tone 4), respectively. Although

tonal patterns are typically illustrated by changes in fun-

damental frequency, acoustic analysis has shown that
perceptual cues for tone recognition are widely

distributed in both spectral and temporal domains.

Liang Zhi�an performed the first systematic study on

acoustic cues in Mandarin tone recognition (Liang,

1963). He found that perfect tone recognition (90% cor-

rect or above) with a male talker could be achieved by

either directly preserving the fundamental frequency

with low-pass filtering at 300 Hz or indirectly by residual
pitch derived from the harmonic structure with high-

pass filtering at 300, 1200, and 2400 Hz. He further dem-

onstrated that robust tone recognition (64% correct)

could also be achieved by whispered speech, which pre-

sumably preserved only temporal and spectral envelope

cues but did not contain any spectral fine structure

related to fundamental frequency and its harmonics.

Several follow-up studies further isolated the spectral
envelope cues and found that the temporal envelope

cues such as vowel duration and amplitude contours

also contributed to Mandarin tone recognition (Blicher

et al., 1990; Garding et al., 1986; Howie, 1974; Whalen

and Xu, 1992). This contribution, while significant,

was relatively weak when the more salient pitch cue

evoked by fundamental frequency and its harmonics

was present (Lin, 1988).
Two additional lines of research rekindled the discus-

sion on relative contributions of spectral and temporal

cues to tone recognition. One line of research was the
recognition of the importance of temporal envelope cues

in speech perception in general (Fu, 2002; Rosen, 1992;

Shannon et al., 1995; Van Tasell et al., 1987). Several

studies had since extended this line of work to Mandarin

speech and found that the temporal envelope cue con-

tributed significantly to both Mandarin tone and sen-
tence recognition in normal-hearing listeners (Fu and

Zeng, 2000; Fu et al., 1998; Kong et al., 2003; Xu and

Pfingst, 2003). However, a recent study found that al-

though the temporal envelope cue played a significant

role in quiet listening condition, its practical role was

significantly diminished in the presence of background

noise (Kong et al., 2003).

Development of cochlear implants also stimulated re-
search in studying acoustic and perceptual cues for tone

recognition. Clinical studies have reported that Canton-

ese- and Mandarin-speaking cochlear-implant users had

a great deal of difficulty in tone recognition, even after

several years of device use when other aspects of speech

perception had been significantly improved (Au, 2003;

Huang et al., 1995; Lee et al., 2002; Wei et al., 1999,

2000; Wu and Yang, 2003). Generally, tone recognition
reported in these studies ranged from 50% to 70% cor-

rect. The relatively poor performance in tone recogni-

tion had been linked to a number of factors including:

(1) limitations in current cochlear-implant speech

processing strategies that do not explicitly extract and

encode the salient fundamental frequency and its har-

monic cues (Lan et al., 2004; Nie et al., 2004; Zeng,

1995), (2) inadequate and even conflicting representa-
tions of the temporal envelope cues (Au, 2003; Green

et al., 2002), and (3) limitation of temporal pitch to sev-

eral hundred Hertz in electric hearing (Wei et al., 1999;

Zeng, 2002).

One problem with previous studies on tone recogni-

tion was that they were either investigative but not direct

(e.g., acoustic hearing experiments in normal-hearing

subjects) or direct but mostly descriptive (e.g., electric
hearing experiments in cochlear-implant subjects). The

present study aimed to bridge this gap by conducting

two experiments in rate discrimination and tone recogni-

tion as a function of number of active electrodes. The

aim was to delineate relative contributions of temporal

and spectral cues to tone recognition in a group of Man-

darin-speaking cochlear-implant subjects.
2. Materials and methods

2.1. Subjects

Five cochlear-implant subjects who were native Man-

darin speakers participated in the present study. These

subjects received the Nucleus-22 device at the Cochlear
Implant Center, Peking Union Medical College Hospi-

tal. Table 1 lists the subject information. Their age at



Table 2

Mandorin tone stimuli

Table 1

Subject information

Subject Age Gender Deaf dur. (years) Etiology CI use (mos) Sentence (% correct)

C1 59 M 21 Ototoxity 30 61

C2 34 M 11 Ototoxity 30 97

C3 38 F 6 unknown 10 38

C4 44 F 24 unknown 10 4

C5 21 F 20 Ototoxity 22 0
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the time of test ranged from 21 to 59 years. The cause of

the deafness was ototoxity in three cases and unknown

in the other two. While ototoxity-induced deafness is rel-

atively uncommon in Western countries, ototoxity is still

the most common cause for deafness in China (Zeng,

1995). Except for one (C5), all subjects were post-lin-

gually deafened. Although three subject had extensive

experience with an earlier version of the Nucleus MSP
processor using the MPEAK strategy, they were using

the spectra 22 processor with the SPEAK strategy at

the time of test (Skinner et al., 1994). Open-set sentence

recognition ranged from 0% (C5) to almost perfect (C2).

The Local IRB approval and informed consent were

obtained.
2.2. Stimuli

A 500-ms biphasic pulse train with 200-ls/phase was

used in the rate discrimination experiment. Because the

fundamental frequency varied between 100 and 200 Hz

for the present tonal stimuli, two standard rates, 100

and 200 Hz, were used for the rate discrimination exper-

iment. Test rates ranged from 103 to 392 Hz for the 100-

Hz standard rate and from 203 to 496 Hz for the 200-Hz
standard rate. The exact range was determined on an in-

dividual basis based on the implant user�s ability to dis-

criminate rate differences. The pulse train was delivered

to a single electrode pair via the standard clinical inter-

face. Four electrode pairs (BP+1 mode) were used, in-

cluding from the most basal pair E1–3, E7–9, E14–16,

to the most apical pair E20–22. All stimuli were

presented at the most comfortable loudness level.
One-hundred tokens produced by a male talker were

used in the Mandarin tone recognition experiment.

These 100 tokens included 25 consonant–vowel combi-

nations with each having four tonal patterns. The choice

of these tokens were based on the following two princi-

ples, namely, maximizing the diversity of the consonant

and vowel combinations and making sure that each con-

sonant–vowel-tone combination is lexically meaningful
in modern Chinese. Table 2 shows the complete set of

stimuli used in the present study. The leftmost column

shows the consonant and vowel combinations, whereas

the rightmost four columns show the four tonal varia-

tions and their corresponding Chinese characters. A

CD containing these 100 tokens along with a graphic
user interface for testing is available by writing to the

corresponding author.

2.3. Procedure

A method of constant stimuli was used to derive the

difference limen in the rate discrimination experiment.
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Fig. 2. Representative psychometric functions for rate discrimination.

Percent correct is plotted as a function of rate difference with the 100-

Hz standard rate in five individual cochlear-implant subjects (sym-

bols). The solid lines represent best fitted sigmoidal functions to the

individual data. The dashed line represents the criterion (75% correct)

that determines the rate difference limen.
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Typically, 5–6 test rates were used in combination with

the standard rate to produce performance that ranged

from chance (50%) to nearly perfect in most cases (occa-
sionally the performance reached only 80% with the

highest test rate). In each trial, a pair of stimuli was pre-

sented to the subject with one being the test rate and the

other being the standard rate stimulus. Both the presen-

tation order and sequence were randomized between tri-

als. The subject�s task was to tell whether one of the

them had higher pitch. Each test rate and standard rate

pair was presented 50 times and the percent correct was
calculated. A psychometric function was generated with

percent correct scores being plotted as a function of the

difference between the test rate and the standard rate. A

sigmoidal function was then fitted to the data to derive

the difference limen that produced 75% correct response,

corresponding to a d 0 value of 1. Weber�s fraction, de-

fined as the ratio between the difference limen and the

standard rate, was reported in the study.
A four-alternative, forced-choice method was used in

the tone recognition experiment. In each trial the subject

was presented with a tone token in a random order and

had to select the tone pattern (1, 2, 3, or 4) correspond-
Table 3

Weber�s fraction for rate discrimination in five Mandarin-speaking Nucleus-

Subject Standard rate=100 Hz

E1 E7 E14 E20

C1 0.50 1.22 0.12 0.22

C2 0.11 0.11 0.17 0.30

C3 0.14 0.30 0.17 0.37

C4 0.27 0.86 1.08 2.59

C5 1.75 1.40 1.50 1.25
ing to the presented stimulus. The graphic interface pre-

sented both the phoneme-tone combinations and their

corresponding Chinese characters. Five repetitions, rep-

resenting a total of 500 tokens, were used to generate the

percentage correct data reported in this study.

A total of eight experimental speech processor maps
was generated, including four 1-electrode maps and four

additional maps for 4, 7, 14, and 20 electrodes. The four

1-electrode maps were E1–3, E7–9, E14–16, and E20–22,

corresponding to the same bipolar electrode pairs on

which rate discrimination was measured. The additional

four multiple-electrode maps were identical to the con-

figurations used in a previous study (Fishman et al.,

1997). For example, the 4-electrode map used E1–3,
E7–9, E14–16, and E20–22 electrode pairs. Before the

testing, each subject was given 30 minutes of practice

to familiarize with the experimental processor. It should

be noted that this short-term practice would not be en-

ough to induce potential learning or training effect with

these experimental processors (Rosen et al., 1999).
3. Results

3.1. Rate discrimination

Fig. 2 shows representative rate discrimination data

at the 100-Hz standard rate in 5 cochlear-implant sub-

jects. A sigmoidal function (solid line) was fitted to the

data to derive the rate difference limen that was required
to reach 75% correct response (dashed line). Note the

great individual variability in the data that spans more

than an order of magnitude: some subjects (e.g., C1) re-

quired only a 10-Hz difference whereas others (e.g., C5)

required a 130-Hz difference to distinguish from the 100-

Hz standard rate.

Table 3 presents individual Weber�s fraction data col-

lected from four electrode pairs at both 100- and 200-Hz
standard rates. ANOVA was performed to find that nei-

ther the electrode position [F(3,32)=0.73, p>0.5] nor

the standard rate [F(1,32)=1.11, p>0.3] was a signifi-

cant factor. Therefore, the grand average over both elec-

trodes and rates are calculated and later used for

correlation with the tone recognition data. Fig. 3 shows

such grand average data for rate discrimination in 5
22 cochlear-implant subjects

Standard rate=200 Hz

E1 E7 E14 E20

0.29 0.36 0.67 0.66

0.36 0.14 0.50 0.36

0.05 0.10 0.11 0.35

0.74 0.22 0.53 1.24

0.83 0.63 1.23 1.18
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cochlear-implant subjects. Weber�s fraction ranged from

0.20 to 1.22, with subject C3 having the best rate dis-

criminability and subject C5 having the worst rate

discriminability.

3.2. Tone recognition

Table 4 presents individual tone recognition data on

four single-electrode maps (columns 2–5) and the aver-

aged single-electrode result (column 6). Data points

were missing on 3 of 4 single-electrode maps for subject

C2 because the subject�s complaint on the perceived

sound quality on those electrodes, whereas no single-
electrode data were collected for subject C5 because

the subject�s performance with the 20-electrode map

was the chance level. With a few exceptions (e.g., E14

for subject C1), the single-electrode map produced es-

sentially chance performance (25%).

Fig. 4 shows both the individual (symbols) and the

mean (solid line) tone recognition data as a function

of the number of electrodes. The single-electrode data
were averaged across four single-electrode maps. For

comparison, acoustic simulation data from normal-

hearing listeners using the same stimuli and procedure

are also presented as a function of the number of fre-
Table 4

Tone recognition with single-electrode experimental maps in five Mandarin-s

Test (see text)

Subject E1 E7

C1 26.0 35.0

C2 DNT 34.0

C3 31.0 24.0

C4 32.0 26.0

C5 DNT DNT
F

e

m
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d

quency bands (Kong et al., 2003). Several interesting ob-

servations can be made about the obtained results. Note

first the monotonically increasing performance from 1-

electrode to 7-electrode maps and the plateau in per-

formance from 7- to 20-electrode maps. ANOVA

confirmed the highly significant effect of the number of

electrodes on tone recognition [F(5,18)=15.3, p<0.001]

and the non-significant difference in performance be-
tween the 7- and 20-electrode maps (Scheffe post-hoc

tests, p>0.5). Note second the high level of performance

in acoustic simulation of the cochlear implant, particu-

larly with the low number of electrodes/bands. The dif-

ference between simulation and actual implant data was

45 percentage points with the 1-electrode condition and

reduced to about 20 percentage points with high num-

bers of electrodes/bands. To amplify this point, we note
that none of the actual implant subjects performed any-

where close to the simulation result with low numbers of

electrodes/bands where the best implant performance

approached the simulation performance with high num-

bers of electrodes/bands.
peaking Nucleus-22 cochlear-implant subjects. DNT denotes Did Not

E14 E20 Average

42.0 24.0 31.8

DNT DNT 34.0

18.0 27.0 25.0

35.0 25.0 29.5

DNT DNT N/A
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3.3. Correlational analysis

Fig. 5 shows the correlation between tone recognition

and rate discrimination obtained with single electrodes.

Although the rate discrimination varied greatly between

different electrodes and among individual cochlear-

implant subjects, all these single-electrodemaps produced

result close to chance performance, resulting in non-

significant correlation between tone recognition and rate

discrimination (r=0.13, p>0.5). On the contrary, a highly
significant correlation (r=�0.97, p<0.01) was observed

between tone recognition with the full 20-electrode map

and rate discrimination averaged over all 4 electrodes

and 2 standard rates (top panel of Fig. 6). This significant

correlation provided indirect evidence for the temporal

contribution to tone recognition in cochlear-implant

users. Additionally, due to the small number of subjects,

only a trend in correlation (r=�0.79, p=0.06) was
observed between sentence recognition and rate discrim-

ination (bottom panel of Fig. 6).
4. Discussion

4.1. Comparison with previous data

The present rate discrimination data were in general

agreement with previously reported data, for a

summary, see (Zeng, 2002). The exception was the large

Weber�s fraction observed in the pre-lingually deafened

subject, C5, suggesting that even rate pitch encoding

may require significant auditory experience in early de-
velopment. Similar suggestion has been made previously

by showing that pre-lingually deafened cochlear-implant

subjects could reliably estimate loudness but not pitch

(Busby and Clark, 2000).

The present tone recognition data with the full 20-

electrode map were also in agreement with previously

reported data in cochlear-implant subjects who spoke

tonal languages. For both Cantonese and Mandarin
tone recognition, the previously reported data ranged

from 50% to 70% correct (Au, 2003; Cao et al., 2000;

Huang et al., 1995; Lee et al., 2002; Wei et al., 1999,

2000; Wu and Yang, 2003). The present 20-electrode

map produced tone recognition with an average of
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57% and a range from 25% to 71% correct performance.

Additionally, the pattern of tone recognition was similar

to previously reported English or German speech per-

ception as a function of the number of electrodes: a

monotonically increasing performance from 1 to 7 elec-

trodes and a plateau in performance from 7 to 20 elec-
trodes (Fishman et al., 1997; Friesen et al., 2001;

Garnham et al., 2002).

However, there is a significant discrepancy between

cochlear-implant performance as a function of electrode

numbers and acoustic simulation performance as a func-

tion of spectral bands, particularly at low number of elec-

trodes/bands (Fig. 4). When only the temporal envelope

cues were available in the 1-band condition, previous
acoustic simulations produced tone recognition perform-

ance ranging from 60% to 80% correct, depending on the

cutoff frequency of the envelope extraction (Fu and Zeng,

2000; Fu et al., 1998; Kong et al., 2003; Xu et al., 2002). In

contrast, the present cochlear-implant subjects only pro-

duced an average of 30%correct, barely above chance per-

formance (25%). The causes for this discrepancy will be

discussed in the following sections.

4.2. Spectral and temporal contributions to tone

recognition

Previous studies have demonstrated that acoustic

cues for tone recognition are widely distributed in both

frequency and time domains (Liang, 1963; Lin, 1988;

Whalen and Xu, 1992), and additionally the spectral
and temporal cues can be traded for each other depend-

ing on relative availability and importance of these cues

(Fu and Zeng, 2000; Xu and Pfingst, 2003). The present

psychophysical and speech data in actual cochlear-

implant subjects also demonstrated this interdependence

and availability of acoustic cues for tone recognition.

First, the low performance with the 1-electrode map

suggests that current cochlear-implant subjects may
likely have access to only durational cues. In acoustic si-

mulations, the durational cues produced identical 30%

correct performance; had the cochlear-implant subjects

had access to additional amplitude and/or pitch perio-

dicity cues, they would have obtained 60–70% correct

performance (Fu and Zeng, 2000). Second, the increas-

ing performance as a function of the number of elec-

trodes suggests that spectral cues or temporal cues
distributed in different spectral bands are important

for tone recognition. It is possible that amplitude con-

tour and pitch periodicity cues were somehow smeared

under the 1-electrode condition when the temporal enve-

lopes from different spectral bands were summed into 1

band. This view is supported by the present finding that

rate discrimination was not correlated with the low per-

formance in tone recognition from the 1-electrode map
but was significantly correlated with the relatively high

performance from the 20-electrode map. The plateau
in performance between 7 and 20 electrode could be

due to the conflicting cues between the periodicity cue

coding tonal information and the amplitude cue coding

formant information (Green et al., 2002). This hypothe-

sis of conflicting cues may be supported by the trend

that a peak performance was achieved with 10 electrodes
coupled with a 10-percentage-point drop with 20 elec-

trodes. Interestingly, similar trends were also observed

for voicing identification in previous studies. For exam-

ple, in both English and German consonant recognition,

voicing identification peaked with 6–10 electrodes but

dropped by 15 percentage points with 20 electrodes

(Fishman et al., 1997; Garnham et al., 2002).

4.3. Tone encoding in cochlear implants

The most important finding in the present study is

that the speech processing strategies in current cochlear

implants do not provide sufficient acoustic cues to sup-

port adequate tone recognition. This result is also con-

sistent with the finding that current cochlear implant

subjects have a great deal of difficulty in recognizing mu-
sic melodies, speakers, speech in noise, or other tasks re-

quiring fine resolution of the pitch cue (Kong et al.,

2004; Stickney et al., 2004; Vongphoe and Zeng,

2004). Several lines of research have been initiated to im-

prove encoding pitch in cochlear implants.

The first line of research has been focused on the tra-

ditional temporal envelope domain. Attempts and sug-

gestions have been made to improve or accentuate the
temporal envelope representation of tonal information

(Geurts and Wouters, 1999, 2001; Green et al., 2002;

Litvak et al., 2003; Rubinstein and Hong, 2003). While

these attempts should be able to do better than current

devices, they are unlikely to solve ultimately the problem

related to pitch coding of complex sounds because com-

plex pitch perception requires correct tonotopic repre-

sentation (Oxenham et al., 2004; Zeng, 2002).
Another line of research attempts to improve place

coding of complex pitch perception by either increasing

the spectral resolution at low frequencies (Geurts and

Wouters, 2004) or aligning frequency-to-electrode maps

to reflect the true place pitch in cochlear implants (Whit-

ford et al., 1993). This line of inquiry is clearly needed

but unfortunately no studies have been published yet

to see whether improved tone recognition can be
achieved with better place coding of fundamental fre-

quency and its harmonics.

Finally, recent attempts have been made to improve

pitch coding in temporal fine structure. One way to

achieve this goal is to directly extract and encode funda-

mental frequency as a carrier for electric stimulation

(Lan et al., 2004). The other way is to extract and en-

code frequency modulation in combination with ampli-
tude modulation for electric stimulation (Nie et al.,

2004). Similarly, the direct evidence for this line of re-
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search is lacking, but preliminary studies are promising.

In a case report, a bilingual cochlear implant subject

achieved significantly better performance with Chinese

than with English (63% vs. 42% correct word recogni-

tion) with a now obsolete processing strategy (WSP)

that directly encoded fundamental frequency (Xu
et al., 1987). Acoustic simulation results encoding fun-

damental frequency and frequency modulations have

also demonstrated significant improvement over the cur-

rent speech processing strategies (Lan et al., 2004; Nie

et al., 2004).
5. Summary

This study examined rate discrimination and tone

recognition in five cochlear implant subjects who were

native speakers of Mandarin and used a Nucleus-22 de-

vice. Weber�s fraction for rate discrimination ranged be-

tween 0.2 and 1.2 whereas tone recognition ranged

between 30% and 70% correct, corresponding to a 1-

electrode map and a 20-electrode map, respectively. A
highly significant negative correlation was found be-

tween rate discrimination and tone recognition with

the 20-electrode map, but a non-significant correlation

was observed with the 1-electrode map due to a floor ef-

fect in tone recognition. The present result supports the

hypothesis that both spectral and temporal cues contrib-

ute to tone recognition, and additionally shows that nei-

ther temporal nor spectral cues have been adequately
and appropriately extracted and encoded in current

cochlear implants. New designs are needed to extract

and encode explicitly fundamental frequency and its

harmonics in order to improve tonal language recogni-

tion in cochlear-implant subjects.
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