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Objective: The first specific aim of the present study
is to compare the ability of normal-hearing and
cochlear implant listeners to use temporal cues in
three music perception tasks: tempo discrimina-
tion, rhythmic pattern identification, and melody
identification. The second aim is to identify the
relative contribution of temporal and spectral cues
to melody recognition in acoustic and electric
hearing.

Design: Both normal-hearing and cochlear implant
listeners participated in the experiments. Tempo
discrimination was measured in a two-interval
forced-choice procedure in which subjects were
asked to choose the faster tempo at four standard
tempo conditions (60, 80, 100, and 120 beats per
minute). For rhythmic pattern identification, seven
different rhythmic patterns were created and sub-
jects were asked to read and choose the musical
notation displayed on the screen that corresponded
to the rhythmic pattern presented. Melody identifi-
cation was evaluated with two sets of 12 familiar
melodies. One set contained both rhythm and mel-
ody information (rhythm condition), whereas the
other set contained only melody information (no-
rhythm condition). Melody stimuli were also pro-
cessed to extract the slowly varying temporal enve-
lope from 1, 2, 4, 8, 16, 32, and 64 frequency bands, to
create cochlear implant simulations. Subjects lis-
tened to a melody and had to respond by choosing
one of the 12 names corresponding to the melodies
displayed on a computer screen.

Results: In tempo discrimination, the cochlear im-
plant listeners performed similarly to the normal-
hearing listeners with rate discrimination differ-
ence limens obtained at 4-6 beats per minute. In
rhythmic pattern identification, the cochlear im-
plant listeners performed 5-25 percentage points
poorer than the normal-hearing listeners. The nor-
mal-hearing listeners achieved perfect scores in
melody identification with and without the rhyth-
mic cues. However, the cochlear implant listeners
performed significantly poorer than the normal-
hearing listeners in both rhythm and no-rhythm
conditions. The simulation results from normal-
hearing listeners showed a relatively high level of
performance for all numbers of frequency bands in
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the rhythm condition but required as many as 32
bands in the no-rhythm condition.

Conclusions: Cochlear-implant listeners performed
normally in tempo discrimination, but significantly
poorer than normal-hearing listeners in rhythmic
pattern identification and melody recognition.
While both temporal (rhythmic) and spectral (pitch)
cues contribute to melody recognition, cochlear-
implant listeners mostly relied on the rhythmic
cues for melody recognition. Without the rhythmic
cues, high spectral resolution with as many as 32
bands was needed for melody recognition for nor-
mal-hearing listeners. This result indicates that the
present cochlear implants provide sufficient spec-
tral cues to support speech recognition in quiet, but
they are not adequate to support music perception.
Increasing the number of functional channels and
improved encoding of the fine structure informa-
tion are necessary to improve music perception for
cochlear implant listeners.

(Ear & Hearing 2004;25;173-185)

Cochlear implants are designed to restore hearing
in profoundly deafened individuals through electric
stimulation. While good speech understanding has
been achieved with the modern multi-electrode co-
chlear implants (70—80% sentence recognition in
quiet; for the Clarion device, see Osberger, Fisher, &
Kalberer, 2000; for the Med-El device, see Garnham,
O’Driscoll, Ramsden, & Saeed, 2002; for the Nucleus
devices, see Skinner et al., 1994), music appreciation
has been reported to be exceptionally challenging.
Some implant listeners reported they could enjoy
music and were able to recognize melodies, but most
described music as sounding unpleasant and noisy.
Previous work demonstrated that cochlear implant
listeners could utilize temporal information to per-
ceive musical pitch in the form of electric pulse rate
(Pijl, 1997; Pijl & Schwarz, 1995). However, most of
the implant listeners appeared to be unable to
receive pitch information when the musical stimuli
were presented through their speech processor
(Gfeller & Lansing, 1991; Gfeller, Woodworth,
Robin, Witt, & Knutson, 1997; Leal et al., 2003; Pijl,
1997; Schultz & Kerber, 1994).

There have been a number of studies document-
ing the temporal resolution of cochlear implant
listeners with gap detection, temporal modulation
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detection, and rate discrimination tasks (Moore &
Glasberg, 1988; Muller, 1981; Shannon, 1989, 1992).
In general, cochlear implant listeners have normal
or better than normal temporal resolution following
amplitude changes in stimulus waveforms mea-
sured by gap detection and amplitude modulation
detection tasks. In addition, cochlear implant listen-
ers can use low-frequency temporal information to
extract pitch information. Perception of temporal
pitch was demonstrated in cochlear implant listen-
ers for stimulation rates up to about 300 Hz (Ed-
dington, Dobelle, Brackmann, Mladevosky, & Par-
kin, 1978; Shannon, 1983; Zeng, 2002). Pijl and
Schwarz (1995) and Pijl (1997) studied music per-
ception in a group of Nucleus 22 cochlear implant
listeners and found that they could identify melodies
with 80-100% accuracy from a closed set in the
absence of rhythmic cues when the melodies were
presented by systematic variation of low-frequency
electric pulses to a single electrode. Relying solely on
the pulse rate, their subjects could also label the
pitch intervals as “flat,” “sharp,” or “in tune” with
high levels of precision relative to their memory for
a specific interval size from the familiar melodies.
Their performance in labeling the musical intervals
was comparable to that of normal-hearing listeners.
While normal-hearing listeners could access both
temporal and spectral information in the stimuli,
cochlear implant listeners with direct electrical
stimulation to a single electrode were presented
with only the temporal information. The similar
performance between normal-hearing and cochlear-
implant listeners suggested that temporal informa-
tion, in the form of electric pulse rate, is sufficient
for musical pitch perception at low frequencies.
Except for Simultaneous Analog Stimulation
(SAS), all current processing strategies for cochlear
implants remove the temporal fine-structure infor-
mation in the stimulus waveforms and preserve only
the temporal envelopes extracted from 6 to 22 fre-
quency bands. The envelopes are extracted from
each frequency band by full-wave rectification and
low-pass filtering at a low frequency (<500 Hz). The
envelope outputs are finally compressed and then
used to modulate biphasic pulses. Trains of modu-
lated biphasic pulses are then delivered to the elec-
trodes at a constant rate between 180 and 300 Hz for
the Nucleus-22 device and up to 833 Hz for the
Clarion-I device (for a review, see Loizou, 1998,
1999). While the temporal and amplitude informa-
tion is preserved, this type of signal processing
algorithm provides only the coarse spectral informa-
tion of the signal. It has been shown that high levels
of speech perception can be achieved with only
limited spectral information for both cochlear im-
plant listeners (Garnham et al., 2002; Osberger et
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al., 2000; Skinner et al., 1994) and normal-hearing
listeners listening to a simulation of the cochlear
implant (Shannon, Zeng, Kamath, Wygonski, &
Ekelid, 1995). However, such processing strategies
may not be adequate for music appreciation in
cochlear implant listeners.

Regardless of their inability to receive spectral
information for pitch perception, some implant lis-
teners did express that they enjoyed listening to
music and reported having the ability to follow the
rhythm of the melody. Schulz and Kerber (1994)
investigated the music perception abilities in a
group of Med-El implant listeners and concluded
that cochlear implant listeners could recognize
songs with rhythmic structure better than songs
without rhythmic structure. The notion that music
perception in electric hearing is dominated by the
rhythmic patterns rather than pitch/tonal informa-
tion was further demonstrated in a series of studies
conducted by Gfeller et al. (1991, 1997, 2002).
Gfeller et al. (1997) used the adapted Primary Mea-
sures of Music Audiation test battery to measure
Nucleus 22 cochlear implant listeners’ ability to
discriminate simple rhythmic patterns and pitch
patterns via their speech processors using the
FOF1F2 and SPEAK strategies. The music task
included identification of 20 pairs of short, sequen-
tial pitch patterns, with each pattern consisting of
two to five notes ranging in pitch from C3 (130.81
Hz) to F4 (349.23 Hz). For the rhythmic pattern
task, 14 pairs of short rhythm patterns with differ-
ing note durations were used with all the notes
presented at the same frequency (C4-261.63 Hz).
They found that cochlear implant listeners per-
formed significantly better with simple rhythmic
patterns as opposed to sequential pitch patterns.
They also performed significantly poorer on pitch
pattern discrimination tasks than normal-hearing
listeners. On the other hand, no significant differ-
ence in performance was found between normal-
hearing and cochlear implant listeners on rhythmic
tasks.

In contrast to most studies in cochlear implants
that focused on temporal processing of simple stim-
uli, such as detection of gaps and amplitude modu-
lations, Collins, Wakefield, and Feinman (1994) and
Gfeller et al. (1997) examined cochlear implant
listeners’ ability to process complex temporal pat-
terns. Collins et al. presented stimuli with different
temporal patterns by direct electric stimulation to a
single electrode. Stimuli consisted of sequences of
twelve 35-ms pulse bursts at 1000 pulse/sec, sepa-
rated by variable gaps. Subjects were asked if two
sequences of pulse bursts were the same or different.
Contrary to the normal temporal processing with
simple temporal patterns, they observed large inter-
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TABLE 1. Information on nine cochlear implant listeners
Age at Dur. Yr Vowel Sentence
Subject Age Mus. Onset Deaf Etiology Exp Device Strategy (%) (%)
C1 40 0 10 14 Meningitis 16 Ineraid* CIs DNT DNT
c2 57 0 44 5 Sudden 11 Nuc 22 SPEAK 60 82
C3 44 0 35 0 Trauma 9 Nuc 22 SPEAK 79 92
C4 69 <2 34 26 Unknown 2 Clarion | MPS DNT DNT
C5 70 0 29 7 Menieres 24 Ineraid’ ClIs DNT DNT
C6 70 >10 40 2 Unknown 3 Clarion | CIS 54 16
Cc7 69 0 30 5 Otosclerosis 13 Nuc 22 SPEAK 69 78
c8 65 >35 55 1 Unknown 2 Clarion | MPS 67 86
C9 64 0 42 6 Menieres 4 Clarion | SAS 75 DNT

Mus: years of formal musical training; Age at Onset: age at onset of hearing loss; Dur. Deaf: duration of profound hearing loss prior to implantation; Yr Exp: years of experience with the implant;
Strategy: speech processing strategy used during the experiments; Vowel: score (% correct) on vowel recognition in /hVd/ context; Sentence: score (% correct) on sentence recognition with

IEEE sentences; CIS: Continuous Interleaved Sampler; MPS: Multiple Pulsatile Sampler; DNT: did not test.

* Subject C1 was implanted with the Ineraid device and used the Med-El processor.
t Subject C5 was implanted with the Ineraid device and used the Geneva processor.

b

subject differences in cochlear implant listeners
ability to discriminate between complex temporal
patterns. Among the seven subjects tested, three
performed similarly to the normal-hearing range
reported in Sorkin (1990), two performed poorer
than the normal-hearing listeners, and the remain-
ing two performed close to the chance level. Simi-
larly, Gfeller et al. found that cochlear implant
listeners performed significantly poorer than nor-
mal-hearing listeners in the six-pulse task, where
the four different rhythmic patterns contained a
train of six pulses separated by either long or short
interpulse intervals. The reason for the cochlear
implant listeners’ poor performance in these com-
plex temporal tasks is not clear, but Gfeller et al.
suggested that it may be related to the implant
listeners’ cognitive capacities, such as deficits in
central temporal processing, rather than peripheral
processing. Recent studies on information process-
ing capacities in cochlear implant children by Pisoni
and his colleagues (Pisoni, 2000; Pisoni & Cleary,
2003) suggested working memory may play a role in
speech recognition performance in cochlear implant
listeners.

Previous studies have shown that both rhythmic
and pitch cues contributed to melody recognition
(Andrews & Dowling, 1991; Dowling & Bartlett,
1981). The inability of cochlear implant listeners to
follow rhythmic patterns may impair their ability to
recognize melodies and enjoy music. Here we pro-
pose three experiments to evaluate music perception
with temporal cues in general, and the relationship
between rhythmic and melody recognition in partic-
ular, in normal-hearing and cochlear implant listen-
ers. The first two experiments were designed to
evaluate normal-hearing and cochlear implant lis-
teners’ ability to discriminate and identify the
rhythmic features that are found across all musical
genres (i.e., tempo discrimination and rhythmic pat-

tern identification tasks). The third experiment was
designed to systematically measure the relative con-
tributions of temporal and spectral cues to melody
recognition in normal-hearing and cochlear implant
listeners. We hypothesized that cochlear implant
listeners would perform similarly to normal-hearing
listeners in the low-frequency tempo discrimination
task, but poorer than the normal-hearing listeners
in the rhythmic pattern discrimination task based
on the previous results reported in the complex
temporal tasks by Gfeller et al. (1997). We further
hypothesized that temporal envelope cues alone
could not support melody recognition without rhyth-
mic cues.

EXPERIMENT I—TEMPO DISCRIMINATION

Methods

Subjects ¢ Four normal-hearing (N1-N4) and five
cochlear implant listeners (C1-C5) participated in
the tempo discrimination task. Pure tone audiome-
try was performed in normal-hearing listeners be-
fore the experiment to ensure that their hearing
thresholds were within the normal range (= 20 dB
HL) from 125 to 8000 Hz. Three out of the four
normal-hearing listeners (N1, N3, N4) were trained
musicians, whereas only one cochlear implant lis-
tener (C4) had received musical training prior to the
experiment.

Table 1 shows additional information regarding
hearing history, implant device, and speech perfor-
mance for the cochlear implant listeners in all three
experiments in the present study. Speech recogni-
tion scores for some subjects (C1, C4, C5, and C9)
were not tested due to time constraints. All cochlear-
implant users were postlingually deafened adults
with at least 2 yr of implant use at the time of
testing. It should be noted that there was a large age
difference between the normal and implant listeners
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in the three experiments presented in this paper.
The average age of normal-hearing listeners was 20
yr (range, 16—35 yr) and the implant listeners was
61 yr (range, 40—70 yr). The difference in age may be
a factor for differences in performance in our tasks.
Studies have shown that limited memory capacity
and slower processing speed may have detrimental
effects on complex stimulus processing tasks (Gor-
don-Salant & Fitzgibbons, 1997; Wingfield, 1996).
Stimuli ¢« Musical tempos were generated using an
Alesis SR-16 drum machine. Stimuli contained a
pattern of beats, a single bar in duration, performed
in a 4/4 time signature that indicates four beats per
measure with one quarter note equaling a beat. Four
standard tempos were created at 60, 80, 100, and
120 beats per minute (bpm). Stimuli were then
converted into .wav files using sound recording and
editing software (Cool Edit Pro, version 1.2).
Procedure * Tempo discrimination was measured
with four standard tempos at 60, 80, 100, and 120
bpm. For each standard tempo, 21 or more tempos
were used to pair with the standard tempo. For
instance, tempos ranging from 60 to 80 bpm were
paired with the standard tempo of 60 bpm. Subjects
listened to these tempo pairs and were asked to
identify the faster tempo in a two-interval, forced-
choice paradigm. Each pair was presented once in a
random order within a block. To obtain a measure of
the subject’s response bias, one of the tempo pairs
contained the same standard tempo. A total of 20
blocks were tested to obtain percent correct scores
for each tempo pair. All subjects listened to the
stimuli in the sound field in a sound attenuated, IAC
double-walled booth at a comfortable listening level
(55—65 dB SPL). Cochlear-implant listeners listened
through their speech processors at their preferred

settings.
A three-parameter sigmoidal function was used to
fit the data,
S —50
l1+e 8

where S is the saturation score, 6 and 8 are related
to the threshold and its slope, respectively. Tempo
discrimination threshold (7)) was calculated as the
bpm that produced 75% correct score:

r-0- (3] n>55)
=0-— § HT (2)

Results

Figure 1 shows the mean tempo discrimination
performance from both normal-hearing and cochlear
implant listeners (the error bars are equal to one
standard error of the mean). Each panel represents
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a different standard tempo condition at 60, 80, 100,
and 120 bpm, respectively. A sigmoidal function was
fitted to the individual data and the mean data for
each tempo condition, for both normal-hearing and
cochlear implant listeners. Table 2 displays the
mean values and the standard error of the function
parameters (S, 0, 8) and the mean tempo discrimi-
nation thresholds (7).

The sigmoidal function provided excellent fits to
the data, accounting for 71-96% of the variance in
the individual data and 92-96% of the variance in
the mean data. The mean thresholds for normal-
hearing listeners were 62.93, 83.40, 103.50, and
124.18 bpm, and for cochlear implant listeners were
63.76, 84.40, 106.03, and 125.33 bpm for tempo
conditions of 60, 80, 100, and 120 bpm, respectively.
Although the tempo discrimination thresholds in
cochlear implant listeners were slightly higher than
that in normal-hearing listeners, their differences
were not statistically significant in any tempo con-
ditions (for standard condition of 60 bpm: t;, = -1.6,
p > 0.05; 80 bpm: t;, = -1.42, p > 0.05; 100 bpm:
tey =-2.27, p > 0.05; 120 bpm: t(;, = -2.00, p > 0.05).

ExXPERIMENT II—RuYTHMIC PATTERN
IDENTIFICATION

Methods

Subjects ¢ The same four normal-hearing listeners
(N1-N4) that participated in Experiment I also par-
ticipated in the rhythmic pattern identification task.
Three cochlear implant listeners (C2, C3, and C6)
were tested in this task. Subjects C2 and C3 also
participated in Experiment I. Among the three im-
plant listeners, only C6 had received musical train-
ing prior to our experiment. Table 1 provides addi-
tional information about the cochlear implant
listeners.

Stimuli ¢ All musical patterns were played on and
recorded by an Alesis SR-16 drum machine. The
recorded patterns were quantized to remove any
timing errors such as delay or rushing, and then
were converted into .wav files using Cool Edit Pro,
version 1.2.

Seven one-bar rhythmic patterns, created using
permutations of quarter, eighth, and sixteenth
notes, were used in this experiment. Figure 2 shows
the original standard rhythmic pattern used in the
tempo discrimination task (containing only quarter
notes) and the additional six rhythmic patterns. All
patterns were in a 4/4 time signature. In these
patterns, beats one, three, and four always con-
tained the same quarter note, but beat two was
varied to contain one of the seven possible patterns.
These patterns were played at four standard tem-
pos: 60, 90, 120, and 150 bpm.
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Figure 1. Mean tempo discrimination scores from normal-hearing (filled triangles) and cochlear implant (open circles) listeners.
The four panels represent the four standard tempo conditions of 60, 80, 100, and 120 bpm. A sigmoidal function was fitted to
the data, in which the solid and dashed lines represent the fitted functions for the normal-hearing and cochlear implant data,
respectively. The vertical error bars indicate the standard error of the mean.

Procedure « Rhythmic pattern identification was bar contained one of the seven patterns displayed in
measured at four standard tempos: 60, 90, 120, and Figure 2. Subjects were asked to choose the musical
150 bpm. Each subject listened to two bars of drum- notation corresponding to the rhythmic pattern they
beats. The first bar was always the standard rhyth- heard. We trained all of our subjects to read basic
mic pattern (the middle trace in Fig. 2). The second musical notation until their performance reached

TABLE 2. Mean values and standard error of the psychometric function parameters (S, 6, B) and the tempo discrimination thresholds
(N in normal-hearing and cochlear implant listeners

S (%) 6 (bpm) B (bpm) T (bpm)
Condition NH cl NH cl NH cl NH cl

60 bpm 956.50 +1.18 98.36 + 1.02 62.73 + 0.25 63.74 + 0.24 1.97 =0.44 3.26 + 0.44 62.93 + 0.29 63.76 + 0.40
80 bpm 98.31 £ 1.08 98.03 =1.16 83.29 = 0.27 84.07 = 0.28 3.51 £ 0.50 3.74 £0.52 83.40 = 0.51 84.40 = 0.48
100 bpm 98.756 +1.10 9524 £1.50 103.7 *0.21 1056 =037 2.07*+0.38 3.98+0.65 103.50* 0.30 106.03 + 0.95
120 bpm  99.11 £ 0.80 97.69 £ 0.80 1241 +0.23 1251 =0.26 293*+042 359 +046 12418 +0.33 125.33 +0.44

Bpm: beats per minute; NH: normal hearing; Cl: cochlear implant.
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Figure 2. Seven different patterns created in the pattern
identification task. The first bar of the pattern always con-
tained four quarter-notes (four sounds of equal duration). The
second bar was chosen from the options above. The first,
third, and fourth beats of the second bars were always the
same (quarter notes). The second beat varied with permuta-
tions using eighth and sixteenth notes.

85% correct in the training condition. Most of the
subjects were tested over the course of 5 mo or less,
depending on their familiarity with musical con-
cepts. Feedback was given both by interactive les-
sons with the investigator (a professional musician)
and the software during the training sessions. Dur-
ing the actual test, no feedback was given.
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Figure 3. Mean rhythmic pattern identification scores from
normal-hearing listeners and individual data from three co-
chlear implant listeners (C2, C3, and C6) at different tempo
conditions (60, 90, 120, and 150 bpm).

Results

Figure 3 shows the mean rhythmic pattern iden-
tification scores from four normal-hearing listeners
(solid bar) and the individual data from three co-
chlear implant listeners. The normal-hearing sub-
jects achieved nearly perfect performance (mean
scores = 99.3, 99.5, 99, and 98% for 60, 90, 120, and
150 bpm, respectively; standard error <0.3%). On
the other hand, only one of the three cochlear
implant subjects (C3) achieved a performance simi-
lar to the normal-hearing listeners. The other two
subjects (C2 and C6) achieved scores of 10-25 per-
centage points lower than the normal score.

A one-way repeated measure analysis of variance,
using the Greenhouse-Geisser adjustment, revealed
no significant difference in performance among the
four tempo conditions in both normal-hearing [F; o,
= 3.41, p > 0.05] and cochlear implant [F 3 ¢, = 1.15,
p > 0.05] listeners. This indicates that listeners’
ability to identify rhythmic patterns was not af-
fected by the tempo.

EXPERIMENT III—MELODY IDENTIFICATION

Methods

Subjects ¢ Six additional normal-hearing (N5—
N10) and six cochlear implant listeners (C2, C3, C6,
C7, C8, and C9) participated in the melody identifi-
cation task. Two normal-hearing listeners (N5 and
N10) had more than 12 yr of formal piano training,
and two cochlear implant listeners (C6 and C8) had
received prior musical training. Table 1 provides
additional information about the cochlear implant
listeners.

Stimuli ¢ Two sets of 12 familiar songs, played by
single notes (monophonic melodies), were generated
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using a software synthesizer (ReBirth RB-338, ver-
sion 2.0.1). One set contained both rhythmic and
melodic information (rhythm condition), whereas
the other set contained only melodic information
(no-rhythm condition). In the no-rhythm condition,
all melodies were played using notes of the same
duration (quarter notes with 350 msec in duration)
with a silent period of 150 msec between notes.
Therefore, pitch was the only available cue for
melody identification in the no-rhythm condition.
Each song consisted of 12-14 notes of its initial
phrase. All songs were played within a frequency
range from 207 (G#3) to 523 Hz (C5). The largest
range was 16 semitones between the highest and the
lowest notes of the melody, while the smallest range
was 7 semitones. Detailed information about each
song is listed in the Appendix.

The choice of the 12 songs used in this experiment
was based on a melody recognition study performed
on a group of normal-hearing listeners. A list of 30
melodies with and without rhythmic cues was pre-
sented to 15 normal-hearing listeners ranging from
20 to 40 yr of age. They were asked to write the title
of the songs they heard in an open-set recognition
task. The songs that received 90% or greater recog-
nition were then used in this experiment. All sub-
jects participating in this experiment, except subject
C9, reported that they had heard and remembered
the 12 melodies. Subject C9 was not raised in the
United States and had limited exposure to the
melodies. He reported only five songs on the list
were familiar to him.

The original melody stimuli were also processed
to contain either temporal envelope cues or coarse
spectral cues via a cochlear implant simulation
program (Shannon et al., 1995). The original broad-
band (80—-8800 Hz) stimuli were divided into 1, 2, 4,
8, 16, 32, and 64 frequency bands. The cutoff fre-
quencies of each band were determined by approxi-
mating equal cochlear distance for each band ac-
cording to the Greenwood map (1990). For instance,
cutoff frequencies for the 8-band simulation were 80,
220, 440, 780, 1300, 2100, 3500, 5500, and 8800 Hz.
The temporal envelope was then extracted from
each analysis band by full-wave rectification and
low-pass filtering at 500 Hz. This envelope signal
was then used to modulate a white noise, which was
then bandpass filtered with the same analysis filters
as were used on the original signal. Stimuli were
re-synthesized by summing these envelope-modu-
lated narrow-band signals.

Procedure * Both normal-hearing and cochlear im-
plant listeners were first tested with the original,
unprocessed stimuli. In addition, normal-hearing
listeners were tested with all the rhythm and no-
rhythm processed stimuli (simulation). Cochlear-
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implant listeners, however, were only tested using
1-band with rhythm processed stimuli. The condi-
tion of 1-band without rhythm was not performed in
the cochlear implant listeners because their perfor-
mance was already at or near the chance level when
presented with original stimuli.

Normal-hearing listeners were tested in a double-
walled, soundproof booth. Stimuli were presented
monaurally through headphones at the listeners’
most comfortable levels (65—-70 dB SPL), which was
about 5 dB higher than the tempo discrimination
and rhythmic pattern identification experiments. A
higher presentational level was needed to achieve
subjects’ most comfortable level with the melody
stimuli. Cochlear-implant listeners listened to the
stimuli through their speech processors using a
direct connection, connecting from the output of the
sound card of a computer to the auxiliary electric
input in their speech processors. They were advised
to adjust the volume and the sensitivity dial to the
place where the stimuli were perceived at their most
comfortable level. The titles of the 12 melodies were
displayed on a computer screen and the subjects
were asked to identify the melody from this closed
set. Both normal-hearing and cochlear implant lis-
teners were given 5-10 minutes to become familiar
with the songs by listening to the original melodies
with and without rhythmic cues before actual data
collection. Visual feedback was given during this
practice session. All melodies were presented three
times in random order for each experimental condi-
tion. Repetition of the stimulus was not allowed and
visual feedback was given immediately after the
subject’s response.

Results

Results show differences in performance between
normal-hearing and cochlear implant listeners in
the melody identification task with and without
rhythmic cues. The mean chance level performance
for this task was about 8%. While the normal-
hearing listeners similarly achieved near perfect
performance for the rhythm (98.3%) and no-rhythm
(97.5%) conditions, the cochlear implant listeners
performed less accurately than the normal-hearing
listeners in the rhythm condition [63.2%, t, =
6.97, p < 0.001] and essentially at chance [11.7%,
t10) = 23.84, p < 0.001] in the no-rhythm conditions.

Figure 4 shows the individual data from the six
cochlear implant subjects. In the rhythm condition,
scores ranged from 45 to 78% with a 5% standard
error. In the no-rhythm condition, all subjects per-
formed near chance (~8%) or within the 95% chance
range (~17%) calculated using the binominal distri-
bution equation, except for subject C9, who achieved
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Figure 4. Melody identification scores from individual co-
chlear implant listeners with the original melodies. The
horizontal dashed line indicates the mean chance perfor-
mance. The vertical bars represent different subjects in each
condition.

28% correct. Note that the probability of achieving
28% by chance would be less than 0.5%.

Figure 5 shows the results of the 1-band condi-
tions in normal-hearing and cochlear implant listen-
ers, along with the results from the original condi-
tions for comparison. On average, the normal-
hearing listeners achieved an 80.0% correct score in
the 1-band with rhythm condition, which was signif-
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Figure 5. Mean scores from normal-hearing and cochlear-
implant listeners in four melody identification conditions. The
horizontal dashed line indicates the mean chance perfor-
mance and the vertical error bars represent the standard
error of the mean.
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Figure 6. Mean melody identification scores as a function of
number of frequency bands obtained from normal-hearing
listeners with amplitude modulated stimuli in both rhythmic
conditions. The solid circles represent the rhythm condition,
whereas the solid triangles are for the no-rhythm condition.
The vertical error bars indicate the standard error of the
mean.

icantly better than the 52.5% correct score achieved
by the cochlear implant listeners in the same condi-
tion [ty = 3.310, p < 0.05]. For comparison, the
normal-hearing listeners’ performance in the 1-band
with rhythm condition was significantly poorer (17.8
percentage points) than in the original with rhythm
condition [F(; 5, = 13.35, p < 0.05], but the cochlear
implant listeners’ performance between the two con-
ditions was not significantly different [F, 5, = 2.86,
p > 0.05]. In addition, there was no difference
between the cochlear implant listeners’ scores
(11.7%) in the original no-rhythm condition and the
normal-hearing listeners’ scores (12.5%) in the
1-band no-rhythm condition [t.;y, = 0.183, p > 0.05].

Figure 6 shows the averaged normal-hearing lis-
teners’ scores as a function of the number of bands in
the rhythm (circles) and no-rhythm (triangles) con-
ditions. Note the relatively flat performance func-
tion in the rhythm condition and the steeply increas-
ing performance function in the no-rhythm
condition. The performance reached the 90% correct
level with only four bands in the rhythm condition,
but not until 32 bands in the no-rhythm condition. A
two-way repeated measures analysis of variance
indicated significant band [Fg30) = 95.64, p <
0.001] and rhythm [F; 5, = 909.18, p < 0.001] main
effects, as well as a significant interaction between
the two variables [F(g 59) = 63.34, p < 0.001]. A ¢-test
revealed that the interaction was due to a signifi-
cant difference in performance between the rhythm
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and no-rhythm conditions for the number of bands
less than or equal to 16, but no significant differ-
ences for the 32- or 64-band conditions.

Finally, an analysis of error patterns was con-
ducted on cochlear implant performance with origi-
nal melodies and normal-hearing performance with
8-band simulation with and without rhythmic cues.
Without rhythmic cues neither cochlear implant nor
normal-hearing listeners showed systematic error
patterns. When collapsed across subjects, all melo-
dies appeared to be equally difficult for cochlear
implant listeners, but not for normal-hearing listen-
ers with the 8-band simulation. Melodies with large
intervals (e.g., wider than a sixth) and melodies with
starting notes substantially lower than other melo-
dies were identified with greater accuracy (i.e.,
“Lullaby, and Good Night,” “Take Me Out to the Ball
Game,” and “Auld Lang Syne”). With rhythmic cues,
both normal-hearing and cochlear-implant listeners
shared similar error patterns. Melodies with similar
rhythmic patterns were confused more frequently
(e.g., “London Bridge is Falling Down” versus “Mary
Had a Little Lamb,” and “Old MacDonald Had a
Farm” versus “T'winkle, Twinkle, Little Star”) than
melodies with very different rhythmic structure
from other melodies in the list (e.g., “Lullaby, and
Good Night,” “Take Me Out to the Ball Game,” and
“Auld Lang Syne”).

DiscuUsSsION

Temporal Processing in Cochlear Implants

Previous studies reported relatively normal tem-
poral processing ability with simple stimuli in co-
chlear implant listeners. Shannon (1989, 1992)
showed normal gap detection and modulation detec-
tion thresholds in cochlear implant listeners, with a
2—-4 msec gap and 5-10% modulation detection
thresholds measured at the most comfortable level.
Nelson and Donaldson (2002) measured recovery
from forward masking in a group of 21 Nucleus and
Clarion users and found that most of their subjects
(18/21) had normal forward masking recovery func-
tions with an average time constant of 54 msec.

In the present tempo discrimination experiment,
the cochlear implant listeners also yielded perfor-
mance comparable to the normal-hearing listeners.
The tempo discrimination test can be viewed as a
rate discrimination test at extremely low rates, i.e.,
in the 1-2 Hz range corresponding to 60-120 bpm
conditions. Previous studies have reported that co-
chlear implant listeners had rate discrimination
limens that were 10-100 orders of magnitude
higher than normal-hearing listeners at rates of 50
Hz or above (e.g., Zeng, 2002). Unlike rate discrim-
ination at the higher rates, the present results
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showed that cochlear implant listeners had normal
rate discrimination at very low rates.

Cochlear-implant listeners appeared to have
difficulty performing complex temporal processing
tasks. In the present rhythmic pattern identifica-
tion task, two out of the three cochlear implant
listeners performed 10-25 percentage points
poorer than normal-hearing listeners. Further-
more, in the 1-band with rhythm condition where
only the temporal cues were present, the cochlear
implant listeners’ melody recognition was about
30 percentage points less than the normal-hearing
listeners (Fig. 5). These data were in agreement
with previous findings reporting both less accu-
rate temporal pattern discrimination performance
and a large inter-subject variability in cochlear
implant listeners (Collins et al., 1994; Gfeller et
al., 1997). The discrepancy between normal tempo
discrimination and abnormal rhythmic pattern
identification performance in cochlear-implant lis-
teners can be attributed to differences in cognitive
function. The simple temporal detection and dis-
crimination tasks require sensory processing,
whereas the complex temporal pattern identifica-
tion tasks demand cognitive processes. Degraded
and distorted sensory inputs in electric hearing
may demand a high memory load to process and
encode the incoming signals in cochlear implant
listeners. Gfeller et al. (1997) suggested that ab-
normal performance for cochlear implant listeners
may be attributed to “deficits in central temporal
processing.” Pisoni and his colleagues (Pisoni,
2000; Pisoni & Cleary, 2003) also noted that
measures of information processing capacities
such as digit span recalls are correlated with
measures in speech performance. Another possi-
bility, is that in the present study the cochlear
implant listeners were, on average, 41 yr older
than the normal-hearing listeners. The perfor-
mance difference might be due, at least partially,
to the age difference between the two groups
(Fitzgibbons & Gordon-Salant, 2001; Gordon-
Salant & Fitzgibbons, 1999). Gordon-Salant &
Fitzgibbons (1999) reported that older listeners
(age ranged 65-76 yr) performed significantly
poorer than younger (age ranged 18—40 yr) listen-
ers on temporally mediated measures, particu-
larly in more complex stimulus conditions. The
age range of their younger and older listeners was
similar to our subjects. Gordon-Salant & Fitzgib-
bons (1997) further suggested that the differences
in temporal processing and speech understanding
between the two age groups were influenced by
their working memory capacity.
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Rhythmic Pattern Identification and
Speech Perception

We obtained IEEE sentence recognition scores in
quiet in all but one (the non-native speaker, C9)
cochlear implant listeners who participated in the
melody identification task. No reliable relationship
was found between the sentence recognition perfor-
mance and the melody identification performance
with only rhythmic cues (1-band with rhythm con-
dition). Subject C6’s performance in melody identi-
fication was comparable to other subjects, but her
sentence recognition score was extremely low (16%).
The other four subjects achieved between 80-90%
correct sentence scores despite the large variability
in their melody recognition scores, which ranged
from 40-80% correct. This result is inconsistent
with Collins et al. (1994), who suggested that tem-
poral pattern tasks can be an “accurate and efficient
predictor” of speech recognition ability in cochlear-
implant subjects. This inconsistency might be due to
the relatively small sample size (N = 5), as well as
the ceiling effects in speech recognition in four out of
five subjects in the present study.

Music Perception and Music Experience

We found no relationship between melody identi-
fication and music experience in the present study.
In the original with rhythm condition, both the
lowest score (C2) and the highest score (C3) were
obtained from subjects without any music experi-
ence (Fig. 4). Similarly, the only subject (C9) who
performed significantly above the chance level in the
no-rhythm condition (Fig. 4) had no music experi-
ence, and limited exposure to the melodies used in
this study since he was not a native English
speaker. The melodies that were used in this study
are heard by children and adults in everyday life,
and are therefore familiar to persons who have had
little or no musical training. Thus, the extent of
musical training was not an important factor in the
interpretation of these data. The results of this
study are also consistent with prior research (Gfeller
et al., 2000) indicating that formal music training is
not a particularly strong predictor of perceptual
accuracy for melody recognition by implant
listeners.

Music Perception with Temporal Cues

We have provided clear evidence showing that
cochlear implant listeners rely mostly on the rhyth-
mic cues for melody recognition (Figs. 4 and 5). On
average, the cochlear implant listeners could recog-
nize about 60% of the melodies with the rhythmic
cues, but dropped to the chance level without the
rhythmic cues. More convincingly, cochlear implant
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listeners produced relatively unchanged perfor-
mance (50%) in the 1-band condition where only the
rhythmic cues were preserved.

In addition, we observed a positive relationship
between rhythmic pattern identification and melody
identification performance with rhythmic cues in
the three implant listeners (C2, C3, and C6) who
participated in both tasks. Among the three implant
listeners, subject C2 performed the worst in the
rhythmic pattern identification task and also pro-
duced the lowest score in the melody identification
task with original stimuli and rhythmic cues. Sub-
ject C3, on the other hand, achieved the highest
scores in both tasks compared with the other two
subjects. Despite the small sample size, this obser-
vation further enhances the suggestion that the
cochlear implant listeners almost exclusively used
the rhythmic cues to perform the melody identifica-
tion task. A third piece of evidence for this sugges-
tion comes from the absence of consistent error
patterns in the no-rhythm condition but the pres-
ence of such patterns in the rhythm condition.

Music Perception with Spectral Cues

We demonstrated that fine spectral resolution
with as many as 32 bands is necessary for melody
identification without rhythmic cues. Similar re-
sults were reported previously by Burns, Lin-
eaweaver, & Sanborn (Reference Note 1). Unlike
speech recognition that only requires approximately
four bands of coarse spectral cues to reach nearly
perfect performance in quiet (Shannon et al., 1995),
these simulation results suggest that the cochlear
implant listeners need at least 16 or more functional
spectral channels to recognize melodies without
rhythmic cues.

Unfortunately, the present cochlear implants
simply cannot provide 16 functional channels. De-
spite the 16 or more electrodes present in all modern
multi-electrode cochlear implants, their functional
numbers for speech recognition in quiet is at best
between 4 and 8 (Dorman & Loizou, 1997; Fishman,
Shannon, & Slattery, 1997; Friesen, Shannon,
Baskent, & Wang, 2001; Garnham et al., 2002). If
the same 48 functional channels are also available
for melody recognition, cochlear implant listeners
would perform 30-40% correct in the no-rhythm
condition (Fig. 6). However, only the chance level
performance was achieved by the six cochlear im-
plant listeners in this study and most others in
previous studies (Gfeller & Lansing, 1991; Gfeller et
al., 2002; Gfeller et al., 1997; Pijl, 1997). In other
words, multi-electrode cochlear implant listeners
performed as if they were listening through a single-
channel device in melody recognition. We should
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note that the six subjects in the present study had
relatively high levels of vowel recognition ranging
from 54% to 79% correct, similar to the normal-
hearing listeners’ 4-band vowel recognition perfor-
mance in acoustic simulations (Shannon et al.,
1995). These results suggest that while cochlear-
implant listeners were able to learn to extract dis-
torted spectral cues for speech recognition but not
for melody recognition.

To accurately perceive melodies, both absolute
and relative pitch cues are needed but are likely not
available in cochlear implants. First, the frequency-
to-electrode map is not aligned along the absolute
pitch dimension in cochlear implants. The funda-
mental frequency of the musical notes in the present
study ranged from 207 to 523 Hz, but the present
cochlear implants are not inserted deep enough to
access these low-frequency neurons. In addition,
there is most likely a mismatch between the place of
the electrodes and the characteristic frequency of
the neurons at that location. Second, the mismatch
of frequency to electrode was further intensified due
to the problems of non-tonotopic trajectory of the
electrode array (Skinner et al., 2002). Using com-
puted tomography, Skinner et al. reported that a
number of patients in their study had kinks, bends,
and compressions in their implanted arrays, which
may have adversely affected the encoding of relative
pitch. Although such a mismatch may decrease
speech recognition performance (Fu & Shannon,
1999; Shannon, Zeng, & Wygonski, 1998), it com-
pletely prevents the cochlear implant listeners from
using place pitch in melody recognition. Finally, we
note that the only cochlear implant subject (C9) who
performed above the chance level in the no-rhythm
condition was an SAS user. He achieved the above-
chance-level performance based on the temporal
pitch that was likely preserved and present in the
analog waveform of the filter’s output. Such tempo-
ral pitch was unlikely to be present at the envelope
level in other implant listeners due to the low carrier
rate (<1000 Hz) and the low envelope cutoff fre-
quencies (<500 Hz).

SUMMARY

The present study systematically compared per-
formance between cochlear implant and normal-
hearing listeners in tempo discrimination, rhythmic
pattern identification, and melody recognition. Con-
sistent with previous studies, the present study
found that the cochlear implant listeners performed
normally in tempo discrimination but significantly
poorer in rhythmic identification and melody recog-
nition. Except for one subject who used the SAS
strategy, cochlear implant listeners relied solely on
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rhythmic cues for melody recognition. The cochlear
implant simulation conducted as a function of the
number of frequency bands further demonstrated
that both temporal (rhythmic) and spectral (pitch)
cues contribute to melody recognition. Without
rhythmic cues, high spectral resolution with as
many as 32 bands is needed for melody recognition.
While the present cochlear implants provide suffi-
cient spectral cues to support speech recognition in
quiet, they are not adequate for music perception.
Increasing the number of functional channels and
better encoding of the fine structure information
(Smith, Delgutte, & Oxenham, 2002) are needed to
improve music perception in cochlear implant
listeners.
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APPENDIX

Frequency Components of the 12 Familiar Melodies

Largest Int
Mel Range Notes (in Hz) interval  extent
1 220-369 292 292 292 220 245 245 220 369 369 329 329 292 6" 9
A3-F#4 D4 D4 D4 A3 B3 B3 A3 F#4  F#4 E4 E4 D4
2 261-440 261 261 392 392 440 440 392 348 348 329 329 292 292 261 5t 9
C4-A4 C4 C4 G4 G4 A4 A4 G4 F4 F4 E4 E4 D4 D4 C4
3 292-440 392 440 392 348 329 348 392 292 329 348 329 348 392 4th 7
D4-A4 G4 A4 G4 F4 E4 F4 G4 D4 E4 F4 E4 F4 G4
4 261-392 329 292 261 292 329 329 329 292 292 292 329 392 392 m3' 7
C4-G4 E4 D4 C4 D4 E4 E4 E4 D4 D4 D4 E4 G4 G4
5 245-369 329 276 329 329 276 329 369 329 292 276 245 276 292 m3 7
B3-F#4 E4 C#4 E4 E4 C#4 E4 F#4 E4 D4 C#4 B3 C#4 D4
6 220-369 292 292 3829 369 292 369 329 220 292 292 329 369 292 276 5th 9
A3-F#4 D4 D4 E4 F#4 D4 F#4 E4 A3 D4 D4 E4 F#4 D4 C#4
7 220-348 261 292 348 348 348 348 292 261 220 261 348 348 348 348 4th 8
A3-F4 C4 D4 F4 F4 F4 F4 D4 C4 A3 C4 F4 F4 F4 F4
8 261-392 261 261 292 261 348 329 261 261 292 261 392 348 5t 7
C4-G4 C4 C4 D4 C4 F4 E4 C4 C4 D4 C4 G4 F4
9 220-348 220 220 261 220 220 261 220 261 348 329 292 292 261 4th 7
A3-F4 A3 A3 C4 A3 A3 C4 A3 C4 F4 E4 D4 D4 C4
10 220-440 220 440 369 329 276 329 245 220 440 369 329 276 329 octave 12
A3-A4 A3 A4 F#4 E4 C#4 E4 B3 A3 A4 F#4 E4 C#4 E4
11 207-466 207 276 261 276 348 309 276 309 348 276 276 348 414 466 4t 14
G#3-A#4 G#3 C#4 C4 C#4 F4 D#4 C#4 D#4 F4 C#4 C#4 F4 G#4 A#4
12 207-523 309 261 207 261 309 414 523 466 414 261 292 309 me6™" 16

G#3-C5 D#4 C4 G#3 C4 D#4 G#4 C5 A#4 G#4 C4 D4  D#4

1. Old MacDonald Had a Farm; 2. Twinkle, Twinkle, Littler Star; 3. London Bridge is Falling Down; 4. Mary Had a Little Lamb; 5. This Old Man; 6. Yankee Doodle; 7. She’ll be Coming ’Round
the Mountain; 8. Happy Birthday; 9. Lullaby, and Good Night; 10. Take Me Out to the Ball Game; 11. Auld Lang Syne; 12. Star Spangled Banner. Largest interval: largest interval in melody
(m = minor); Int extent: range in semitones between the highest and lowest notes in the melodies.
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