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Objective: The primary goal of the present study was to determine how
cochlear implant melody recognition was affected by the frequency
range of the melodies, the harmonicity of these melodies, and the
number of activated electrodes. The secondary goal was to investigate
whether melody recognition and speech recognition were differentially
affected by the limitations imposed by cochlear implant processing.

Design: Four experiments were conducted. In the first experiment, 11
cochlear implant users used their clinical processors to recognize
melodies of complex harmonic tones with their fundamental frequencies
being in the low (104–262 Hz), middle (207–523 Hz), and high
(414–1046 Hz) ranges. In the second experiment, melody recognition
with pure tones was compared to melody recognition with complex
harmonic tones in four subjects. In the third experiment, melody
recognition was measured as a function of the number of electrodes in
five subjects. In the fourth experiment, vowel and consonant recognition
were measured as a function of the number of electrodes in the same
five subjects who participated in the third experiment.
Results: Frequency range significantly affected cochlear implant melody
recognition, with higher frequency ranges producing better perfor-
mance. Pure tones produced significantly better performance than
complex harmonic tones. Increasing the number of activated electrodes
did not affect performance with low- and middle-frequency melodies but
produced better performance with high-frequency melodies. Large
individual variability was observed for melody recognition, but its
source seemed to be different from the source of the large variability
observed in speech recognition.

Conclusion: Contemporary cochlear implants do not adequately encode
either temporal pitch or place pitch cues. Melody recognition and
speech recognition require different signal processing strategies in
future cochlear implants.

(Ear & Hearing 2009;30;160–168)

INTRODUCTION

Cochlear implants electrically stimulate the auditory nerve
to restore hearing for those suffering from severe to profound
hearing loss. Although great strides have been made in speech
recognition for cochlear implant users, their music apprecia-
tion, particularly melody recognition, is still poor. With the
exception of a recent study (Nimmons et al. 2008), which
showed that an implant user (L4) scored 81% in a 12-item
closed-set melody recognition task, all studies have found
low-level performance (12–40% correct) in melody recogni-
tion tasks without rhythmic cues. As an extreme example, a
“star” cochlear implant listener could hold a successful phone
conversation but might not be able to tell apart two simple

nursery melodies (e.g., Gfeller et al. 2002; Kong et al. 2004;
Spahr & Dorman 2004).

Both acoustic and perceptual differences between speech
and music sounds contribute to this somewhat surprising
dichotomy. In general, spectral and temporal envelope cues
contribute to speech intelligibility (e.g., Remez 1981; Shannon
et al. 1995), whereas spectral and temporal fine-structure cues
contribute to melody recognition (e.g., Smith et al. 2002).
Harmonicity is a particularly important fine structure that
consists of multiples of the fundamental frequency. A har-
monic sound usually produces salient pitch in normal-hearing
listeners but seems to be inaccessible to cochlear-implant
listeners.

Current cochlear implants all use similar signal processing:
The algorithm first filters a sound into 12 to 24 narrowband
signals and then extracts the temporal envelope from all or
some of these narrowband signals with the highest levels; the
algorithm compresses the temporal envelope, uses it to ampli-
tude-modulate a fixed rate carrier, and stimulates the electrode
corresponding to the narrowband signal’s center frequency
(McDermott et al. 1992; Vandali et al. 2000; Wilson et al.
1991). The signal-processing algorithm in current cochlear
implants provides a reasonably good representation of spectral
and temporal envelope cues but cannot encode spectral and
temporal fine-structure cues accurately. For instance, formants
can be approximated by relative changes in current levels
across the intracochlear electrode array, whereas harmonic fine
structure is not explicitly extracted, and even if it is extracted,
there is no guarantee that it will be encoded properly because
of mismatched frequency-to-place maps in cochlear implants
(e.g., Boex et al. 2006). Similarly, temporal envelopes can be
accurately represented by amplitude modulation of a relatively
high-rate carrier, but temporal fine structure is lost in cochlear
implants (e.g., Wilson et al. 1997).

Overall, recent studies examining relative contributions of
spectral and temporal cues have focused on speech stimuli with
little or no attention paid to music perception (Geurts &
Wouters 2001; Green et al. 2002, 2004; Laneau et al. 2004; Nie
et al. 2006; Qin & Oxenham 2005; Xu et al. 2002; Zeng et al.
2005). These previous studies suggest that the current cochlear
implants produce weak perception of voice pitch. Here, we
evaluated relative contributions of spectral and temporal cues
to melody recognition in cochlear implant listeners. First, we
systemically measured recognition of melodies in three fre-
quency ranges: low (104–262 Hz), middle (207–523 Hz), and
high (414–1046 Hz). The low melody range was similar to the
voice fundamental frequency range, whereas the high range
was similar to the first formant frequency range (Hillenbrand et
al. 1995). Because a 200 to 400 Hz low-pass cutoff frequency
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is typically used to extract temporal envelope, pitch informa-
tion in the low and middle melody ranges would likely be
conveyed by the temporal envelope cue, whereas pitch infor-
mation in the high range would likely be conveyed by the
electrode place cue in modern multi-electrode cochlear im-
plants. Experiment 1 will explicitly test this hypothesis.

Second, we compared melody recognition between pure
tones and complex harmonic tones over the same three fre-
quency ranges. A pure tone is likely to stimulate one electrode
or, at most, two electrodes if the frequency of a note happens
to fall between two adjacent filters. Therefore, a pure tone
should allow for a clearer pitch contour based on a single
excitation site than a complex harmonic tone allows. Even if
the complex harmonic tone can be resolved by cochlear
implant filters, they will unlikely maintain the tonotopic
relationship required for harmonic pitch perception because of
the mismatched frequency-to-place map (e.g., Boex et al. 2006;
Oxenham et al. 2004). Experiment 2 will test the hypothesis
that melodies consisting of pure tones are easier to recognize
than those consisting of complex harmonic tones, particularly
in the low-frequency range where the cochlear implant filters’
frequency resolution is high.

Third, we tested melody recognition while varying the
number of activated electrodes. Previous studies found that
speech recognition improved with an increased number of
electrodes but reached a plateau unexpectedly with 7 to 10
electrodes (Fishman et al. 1997; Friesen et al. 2001; Garnham
et al. 2002). Because pitch perception of complex harmonic
tones and speech recognition rely on different acoustic cues,
one might predict a different pattern of results between melody
recognition and speech recognition as a function of the number
of electrodes. To explicitly test this hypothesis, experiment 3
tested melody recognition, whereas experiment 4 tested speech
recognition as a function of the number of electrodes as a
comparison.

EXPERIMENT 1: MELODY RECOGNITION AS A
FUNCTION OF FREQUENCY RANGE

Previous studies on cochlear implant melody performance
used a similar 200 to 600 Hz middle-frequency frequency
range and found generally poor performance in different
subject populations with different devices (Gfeller et al. 2002;

Gfeller & Lansing 1991; Kong et al. 2004; McDermott 2004;
Nimmons et al. 2008; Spahr & Dorman 2004). To determine
the contribution of the stimulus to melody recognition inde-
pendent of the contribution of the device and subject, we
measured within-subject performance across a wide range of
melody frequencies in a sample size of 11 cochlear implant
users.

Methods
Subjects • Eleven cochlear implant users (C1–C11) were
recruited based on availability for this experiment. They all
grew up in the United States and were familiar with melodies
used in the present study. None of them had received formal
music training before or as a part of this study. Some of them
had participated in earlier research in our laboratory. They
were all native English speakers and had relatively good
phoneme recognition in quiet (48–91% correct for consonants
and 31–82% for vowels). Table 1 describes age at the time of
testing, etiology, age of onset, duration of deafness, duration of
implant use, implant device, speech-processing strategy, num-
ber of electrodes, and other relevant information. The average
age of the participants was 56 yr at the time of the experiment.
The average duration of implant use was 3 yr. Depending on
the device, as well as availability, the number of activated
electrodes could be 12, 14, 16, or 20.
Stimuli • Twelve isochronous melodies were used, including:
“Old MacDonald Had a Farm”; “Twinkle, Twinkle, Little
Star”; “London Bridge is Falling Down”; “Mary Had a Little
Lamb”; “This Old Man”; “Yankee Doodle”; “She’ll be Coming
’Round the Mountain”; “Happy Birthday”; “Lullaby, and
Goodnight”; “Take Me Out to the Ball Game”; “Auld Lang
Syne”; and “Star Spangled Banner”. The fundamental fre-
quency of these melodies spanned three different frequency
ranges: low (104–262 Hz), middle (207–523 Hz), and high
(414–1046 Hz). The low-range melodies were one octave
lower, whereas the high-range melodies were one octave
higher than the middle-range melodies, which had been used in
a previous study conducted in the same laboratory (Kong et al.
2005). These melodies were created using a software synthe-
sizer (ReBirth RB-338, version 2.0.1). Each melody had 12 to
14 notes and contained no rhythmic cues. Each note had the
same duration (350 MS) with a silent period of 150 msec

TABLE 1. Background information for the 11 cochlear implant subjects involved in the study

Subject Age Etiology Onset Age Onset Type
Duration of
Deafness Duration of CI Device-Strategy # Electrodes Cons Vowel

C1 70 Tumor and virus 63 Sudden 1 7 N24-ACE 20 84 41
C2 72 Unknown 56 Progressive 11 4 N24-ACE 16 54 51
C3 79 Unknown 65 Progressive 12 2 N24-CIS 12 58 49
C4 42 Otosclerosis 36 Progressive 3 3 N24-SPEAK 20 78 64
C5 51 Unknown 45 Progressive 2 4 CII-CIS 16 86 68
C6 69 Nerve damage 50 Sudden 16 3 CII-CIS 14 74 70
C7 26 Genetic Birth Congenital 19 7 Medel-CIS 12 88 67
C8 41 High fever 6 Sudden 31 4 Medel-CIS 12 48 31
C9 29 Genetic Birth Congenital 27 2 CII-CIS 16 NT NT
C10 61 Genetic 40 Progressive 7 1 N24-ACE 20 91 82
C11 77 Blood clot 38 Sudden 38 1 N24-ACE 20 76 64

Age, onset age, duration of deafness, and duration of cochlear implant (CI) use variables all expressed in the unit of years.
Cons represents percent correct scores for consonant recognition in quiet. Vowel represents percent scores for vowel recognition in quiet. NT � Not Tested.
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between notes. The harmonic structure contained no apparent
resonance frequencies and had a roughly �20 dB per octave
slope from 200 to 4000 Hz.
Procedure • A 12-item closed-set, forced-choice procedure
was used. All subjects used their clinical maps in this experi-
ment. The melodies were presented via direct connection from
the speech processor to the computer. The volume was adjusted
to a comfortable level as judged by each individual subject.
Melodies with the same frequency range were treated as a
block, and the presentation order of the blocks was random-
ized. Within each block, each melody was played three times in
random order, producing a block of 36 melodies. The subjects
had a short practice session (10–15 min) before taking the
formal test to become familiar with both the graphic-user
interface and the stimuli. The subjects received feedback on
accuracy during training but no feedback during testing.

Results
Figure 1 shows percent correct scores for melody recogni-

tion as a function of melody frequency range (low range �
unfilled bars; middle range � hatched bars; high range � filled
bars) by 11 cochlear implant users. The mean melody recog-
nition score at each frequency range plus one standard error
from the mean is depicted at the rightmost position on the x
axis. Note the monotonic increase in performance as the
melody frequency range is increased. A repeated-measures
analysis of variance (ANOVA) showed that the melody fre-
quency range was a significant factor influencing cochlear
implant melody recognition (F(2,20) � 43.0; p � 0.001). On
average, the percent score increased significantly from 25.7%
for low-frequency melodies to 42.3% for middle-frequency
melodies and to 64.9% for high-frequency melodies (post hoc,
two-tailed, paired t-test; p � 0.025).

Also note the large individual variability in Figure 1. The
individual percent scores ranged from chance performance at 6

(C2 and C3) to 56% (C7) for the low-range melodies, from 8
(C3) to 86% (C7) for the middle-range melodies, and from
17% (C3) to almost perfect performance at 97% (C6) for the
high-range melodies.

EXPERIMENT 2: MELODY RECOGNITION WITH
PURE-TONE STIMULI

Because experiment 1 used complex harmonic tones, their
pitch can be theoretically conveyed by multiple mechanisms,
including the salient pitch of the resolved lower harmonics and
the less salient pitch of the unresolved harmonics (Oxenham et
al. 2004; Ritsma 1967; Schouten et al. 1962). The variable, but
generally poor, performance in implant melody recognition in
experiment 1 could be a result of poor temporal representation,
poor place representation, or both. Experiment 2 used pure
tones as the stimuli in an attempt to improve melody recogni-
tion. The working hypothesis was that a pure tone would
accurately represent the temporal pitch at least up to the
roughly 400 Hz envelope extraction frequency (Kiefer et al.
2000; Loizou et al. 2003; Vandali 2001). In addition, the pure
tone would represent the place pitch more accurately than the
complex harmonic tone because the former activates one or
two electrodes, whereas the latter activates more electrodes.

Four of the 11 cochlear implant subjects participated in this
experiment (C1, C2, C8, and C9). The same three sets of 12
melodies were used in this experiment. In contrast to complex
harmonic tones in experiment 1, the notes in the melodies were
presented using pure tones. However, the same procedure was
used in this experiment as in experiment 1.

Results
Figure 2 compares the percent of melodies identified cor-

rectly for complex harmonic tones (unfilled bars, Fig. 1) and
pure tones (filled bars) in low-, middle-, and high-frequency
ranges (low � top panel; middle � middle panel; high �
bottom panel). Individual data are shown on the x axis, whereas
the rightmost position of each panel shows the mean score and
standard error from the mean. Overall, pure-tone melodies
produced significantly better performance than complex har-
monic tones (F(1,3) � 84.2; p � 0.05). The frequency range was
also a significant factor in determining the amount of improve-
ment (F(2,6) � 15.5; p � 0.05). The improvement was 20.3
percentage points in the low-frequency range, 24.5 percentage
points in the middle-frequency range, and 8.0 percentage points
in the high-frequency range. These results are consistent with
the working hypothesis that better representation of both the
temporal and place pitches produced better melody recognition
with pure tones than complex harmonic tones in cochlear
implants, particularly for low- and middle-range melodies. The
present results also indicate that current cochlear implants
cannot process complex pitch effectively.

EXPERIMENT 3: MELODY RECOGNITION AS A
FUNCTION OF NUMBER OF ELECTRODES

Another means of evaluating relative contributions of tem-
poral and spectral cues to cochlear implant performance is to
reduce the number of activating electrodes systematically. This
method has been used effectively to study speech recognition
(Fishman et al. 1997; Friesen et al. 2001; Garnham et al. 2002)

Fig. 1. Melody recognition scores in the low-, middle-, and high-frequency
ranges for 11 cochlear implant users, as well as their mean scores. Error
bars represent one standard error from the mean.
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but has not been applied to music perception. Because recog-
nition of speech and melody relies on different cues (Smith et
al. 2002), it would be interesting to see whether melody
recognition produces different patterns of results than speech
recognition with a reduced number of electrodes.

Methods
Subjects • Only Nucleus users participated in the next two
experiments because of limited subject availability and access
to the Nucleus device-mapping interface. These Nucleus sub-
jects were C1, C2, C3, C10, and C11.
Stimuli • The same 12 melodies consisting of complex har-
monic tones were used in this experiment. Again, the melodies
were presented in the low-, middle-, and high-frequency
ranges.
Procedure • This experiment followed the same protocol as
used in previous cochlear implant speech studies (e.g., Fishman

et al. 1997). The intent of this experimental protocol was to
study the effects of processing parameters rather than the effect
of learning on melody recognition. Experimental continuous
interleaved sampling strategies with different numbers of
electrodes were implemented using a laboratory-owned speech
processor. Six conditions were created to produce experimental
maps with either 1, 2, 4, 7, 10, or 20 activated electrodes for
subjects C1, C10, and C11. Because C2 had only 16 functioning
electrodes, this subject’s six maps had either 1, 2, 4, 7, 10, or 16
electrodes. Accordingly, C3 had only four maps with either 1, 4,
7, or 12 electrodes. The test order of these experimental maps was
randomized for each subject.

Table 2 shows frequency ranges mapped to the activated
electrodes for the six maps in subject C1. Subject C10 and
C11 had similar maps. Because subjects C2 and C3 had only
16 and 12 usable electrodes, respectively in their original
map, the exact number of their activated electrodes was
different from C1, C10, and C11. These electrodes were
chosen to be evenly spaced and as far apart as possible. For
example, subject C2 had electrodes 11 and 19 activated for
the two-electrode map condition. All subjects used MP1 �
2-stimulation mode. Threshold (T) and comfortable loud-
ness (C) levels were determined individually for each
electrode. Because the per-channel stimulation rate in-
creased with the number of activated electrodes being
reduced when making a new map, the T and C levels were
reassessed to ensure that the new map produced a sensation
between threshold and comfortable loudness. All subjects
practiced with a body-worn loaner processor until they felt
comfortable to take the melody test.

Results
Figure 3 shows percent correct scores in melody recognition

as a function of the number of electrodes in the low-(top panel),
middle-(middle panel), and high-(bottom panel) frequency
ranges. The open symbols represent individual data, whereas
the thick line represents the mean data. To perform statistical
analysis, subject C2’s data with 16 electrodes were used as if
20 electrodes had been activated, but subject C3’s data were
not used because of two missing data points.

Overall, the number of activated electrodes was a significant
factor (F(5,15) � 15.2; p � 0.05), but the frequency range of the
melodies was not significant (F(2,6) � 4.3; p � 0.05). Because
there was a significant interaction between the two factors
(F(10,30) � 24.8; p � 0.05), the effect of the number of
electrodes was analyzed for each frequency range. The results
showed that, on average, the implant subjects performed
equally poorly (20–30% correct) regardless of the number of
electrodes for both the low-frequency range (F(5,15) � 0.2; p �
0.05) and the middle-frequency range (F(5,15) � 2.9; p � 0.05).
Note the relatively large individual variability, particularly for
C1, who scored 60% correct for the low-frequency range with
only 1 electrode. In contrast, the melody recognition scores
increased from around 20% with 1 to 4 electrodes to 40 to 65%
with 7 to 20 electrodes for the high-frequency range (F(5,15) �
34.0; p � 0.05). These results suggest that current cochlear
implant users only have access to the pitch cues under limited
conditions. They have limited access to the temporal pitch cue

Fig. 2. Melody recognition scores for four cochlear implant users in the
low-, middle-, and high-frequency ranges with melodies presented as either
complex harmonic tones or pure tones. The rightmost part of the figure has
mean melody recognition scores for complex harmonic tones and pure
tones in each respective melody range. Error bars represent one standard
error from the mean.
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when the pitch range is relatively low and to the place pitch cue
when the melody frequency range is high (400 to 1000 Hz).

EXPERIMENT 4: COMPARISON WITH SPEECH
RECOGNITION

To directly compare the difference between speech and
music perception, experiment 4 measured phoneme recognition
and compared it to melody recognition in the same cochlear
implant subjects tested in experiment 3.

Methods
Subjects • The same five cochlear implant users who partic-
ipated in experiment 3 participated in this experiment (C1, C2,
C3, C10, and C11).
Stimuli • Vowel recognition was tested using 12 /hvd/ sylla-
bles, including heed, hod, hud, hid, hawed, heard, head, hood,T
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Fig. 3. Melody recognition for five cochlear implant users in the low-,
middle-, and high-frequency ranges with 1, 2, 4, 7, 10, or 20 activated
electrodes. The thick lines represent the mean scores.
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hayed, had, who’d, and hoed (Hillenbrand et al. 1995). Ten
different talkers were used, including five males and five
females.

Consonant recognition was tested using 20 /aCa/ sylla-
bles, including aba, aga, ama, asa, ava, acha, aja, ana, asha,
awa, ada, aka, apa, ata, aya, afa, ala, ara, atha, and aza
(Shannon et al. 1999). Eight talkers were used, including
five males and three females.
Procedure • Stimuli were presented via direct connection
from the sound card of a computer to a loaner speech
processor. The loaner speech processor, just as in experiment 3,
had both the clinical map and the experimental maps with
different numbers of activated electrodes.

The subjects practiced as long as needed to feel comfortable
with the interface and stimulus before taking each of the vowel
and consonant tests. The vowel and consonant tests were given
in a sound attenuated room. The volume for each of the tests
was adjusted to a comfortable level deemed by the subject by
changing both the volume on the computer and the volume on
the loaner speech processor. Each token from each talker was
presented three times in random order. Overall percent correct
scores were reported as the outcome measure.

Results
Figure 4 shows vowel (top panel) and consonant (bottom

panel) recognition scores as a function of the number of
activated electrodes. Open symbols represent individual data,
and the thick line represents the mean data. The chance

performance was 8% for vowel recognition and 5% for
consonant recognition. Although the same overall trend was
observed for both the vowel and consonant data, there was a
significant difference between the sets of data (F(1,3) � 18.4;
p � 0.05). A post hoc test showed a significant difference for
the two-electrode condition (vowel � 14% and consonant �
34%) and the four-electrode condition (vowel � 35% and
consonant � 44%). In contrast to the flat pattern observed with
low- and middle-range melody recognition, both vowel and
consonant data showed a monotonic function with the number
of electrodes (F(5,15) � 52.7; p � 0.05). Similar to previous
results (e.g., Fishman et al. 1997), both vowel and consonant
recognition reached an asymptotic level of performance (ap-
proximately 50%) at seven electrodes.

Figure 5 contrasts mean phoneme recognition scores (open
symbols) with mean melody scores (filled symbols) obtained
from the same subjects. There were clear similarities and
differences between melody and speech data. High-frequency
melody recognition resembled the monotonically increasing
function for vowel and consonant recognition, whereas low-
and middle-frequency melody recognition functions were flat.
ANOVA showed no statistically significant difference between
high-frequency melody recognition and either consonant rec-
ognition (F(1,3) � 1.1; p � 0.05) or vowel recognition (F(1,3) �
0.2; p � 0.05).

However, ANOVA revealed a statistically significant dif-
ference between low-frequency melody recognition and con-
sonant recognition (F(1,3) � 11.6; p � 0.05), as well as between
middle-frequency melody recognition and consonant recogni-
tion (F(1,3) � 64.1; p � 0.05). There was a statistically
significant difference between middle-frequency melody rec-
ognition and vowel recognition (F(1,3) � 30.6; p � 0.05), but
there was no statistically significant difference between low-
frequency melody recognition and vowel recognition (F(1,3) �
5.6; p � 0.09). If only 1-, 4-, 7-, and 10-electrode conditions
were considered, which would allow for C3’s data to be
included, then a significant difference would be observed be-
tween low-frequency melody recognition and vowel recognition
(F(1,4) � 11.3; p � 0.05).

Fig. 4. Vowel and consonant recognition scores for five cochlear implant
users with 1, 2, 4, 7, 10, or 20 activated electrodes. The thick lines
represent the mean scores.

Fig. 5. Mean melody recognition scores for cochlear implant users in the
low-, middle-, and high-frequency ranges using various numbers of elec-
trodes (filled symbols). Mean vowel and consonant scores for cochlear
implant users are also depicted as open symbols. Error bars represent one
standard error from the mean.
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DISCUSSION

Melody Recognition and Speech Recognition
To further examine the relationship between melody and

speech recognition, a two-tailed, bi-variant, Pearson correlation
was performed between three-range melody recognition (Fig.
1) and both consonant and vowel recognition scores (the last
two columns in Table 1). Not surprisingly, there was signifi-
cant correlation between low-range and middle-range melody
recognition (r � 0.64; p � 0.05), low-range and high-range
melody recognition (r � 0.62; p � 0.05), and middle-range and
high-range melody recognition (r � 0.80; p � 0.01). Similarly,
there was significant correlation between consonant and vowel
recognition (r � 0.72; p � 0.05). However, there was no
significant correlation between any range of melody recogni-
tion and phoneme recognition (p � 0.05). This lack of
correlation supports the hypothesis that melody recognition and
speech recognition involve two different processes (e.g., Smith
et al. 2002; Zatorre et al. 2002).

Individual Variability
Although the overall performance was low, relatively large

individual variability was still observed in cochlear implant
melody recognition (Fig. 1). It is possible that some of this
large variability was caused by device limitation. For example,
subject C4, the user of the SPEAK strategy, which typically has
a pulse rate of 250 Hz and, therefore, is not likely to convey
useful temporal pitch cues for even the low-frequency range
melodies, shows the largest difference in performance across
frequency ranges of any of the subjects. To further probe
possible causes and predictors of melody recognition, correla-
tional analysis was performed between subject variables (Table
1) and melody recognition (Fig. 1). Except for a significant
negative correlation (r � �0.79; p � 0.01) between age and
middle-range melody recognition, no significant correlation
was found among any of the three subject variables (age,
duration of deafness, and duration of implant use) or any of the
three ranges of melody recognition scores. The present study
has a relatively small sample size, but its results suggest that,
at present, we do not understand the causes of the large
individual variability, nor can we predict it.

Melody Recognition and Frequency Resolution
Because psychophysical data have shown that cochlear

implant users can discriminate temporal pitch up to at least 300
Hz (e.g., Pijl 1995; Zeng 2002), one might be surprised to find
that the low-range melody recognition actually produced the
poorest result. The reason for this discrepancy is that the
psychophysical data are obtained by varying stimulation rates
on a single electrode, whereas the melody recognition data are
collected through the implant user’s speech processor (contin-
uous interleaved sampling, spectral peak or advanced combi-
nation encoder) that does not explicitly extract and encode the
fundamental frequency. This discrepancy clearly reveals the
limitation of current cochlear implants in extracting and en-
coding low-frequency temporal information (e.g., Geurts &
Wouters 2001; Green et al. 2002, 2004; Qin & Oxenham 2005;
Xu et al. 2002; Zeng et al. 2005).

Better performance with the high frequency range, as shown
in the present study, is likely a result of increased frequency
resolution in the frequency-to-electrode map. Current implants

typically use the Greenwood-like map, which provides propor-
tionally more channels in the middle- to high-frequency range
than the low-frequency range, at least on the logarithmic scale
(Greenwood 1990). For example, to divide a broad bandwidth
from 100 to 8000 Hz into 20 narrow frequency bands, the
Greenwood map would allocate two channels in the 200 to 400
Hz frequency range but four to five channels in the 500 to 1000
Hz range (Table 2). Indeed, psychophysical evidence has
shown lower pitch difference limens by allocating more filters
in the F0 range (Geurts & Wouters 2001) or better melody
recognition with semitone-spaced filters for midfrequency
range melodies (Kasturi & Loizou 2007).

However, caution needs to be taken when attempting to
generalize the relationship between increased frequency resolution
and functional improvement (e.g., Carroll & Zeng 2007). Assum-
ing roughly an equal frequency range so that frequency resolution
is proportional to the number of electrodes, one would expect that
users of the 22-electrode Nucleus device might do better than
users of the 16-electrode Clarion or the 12-electrode Med-El
devices. The sample size was too small in the present study to
make statistically significant comparison, but no such trend was
observed (Fig. 1). A much larger sample size between 15 Clarion
and 15 Nucleus users found no difference in melody recognition
either (Spahr & Dorman 2004). Channel interactions may be a
factor limiting the extent to which spectral resolution can be
improved by increasing the number of stimulating electrodes.

Pure Tones Versus Complex Harmonic Tones
The present study showed significantly better melody rec-

ognition with pure tones than with complex harmonic tones.
This difference in performance demonstrates a lack of coding
of complex pitch in current implants. When listening to pure
tones, typically one electrode is being stimulated per note.
However, when listening to complex harmonic tones, several
electrodes are likely to be stimulated per note. If the lower
harmonics were resolved and appropriately mapped to the right
place in the cochlea, one would not expect such a difference in
performance between pure tones and harmonic stimuli (Dai
2000; Oxenham et al. 2004; Ritsma 1967). Existing evidence
suggests that we have not restored a pure-tone sensation in
terms of frequency resolution and frequency selectivity, let
alone the harmonic sensation in electric hearing (Zeng 2004).

Encoding Melody in Cochlear Implants
Although music is seldom made up of pure tones in real-life

listening situations, better performance with pure tones than
harmonic tones suggests that as an intermediate step, pure-
tone–like stimuli can be used to improve encoding of melody
in cochlear implants. The reason for taking this intermediate
step is twofold. First, in the foreseeable future, it is going to be
difficult to restore harmonic sensation, particularly the salient
resolved harmonic pitch, in cochlear implants. Second, the
pure-tone encoding approach can be relatively easily imple-
mented to address the shortcoming of current commercial
cochlear implants, which only implicitly encode the pitch
information in the temporal envelope domain.

Explicit coding of pitch can be implemented by varying the
carrier rate on one or more electrodes (e.g., Fearn & Wolfe
2000; Pijl 1995; Zeng 2002) or the modulation frequency of a
fixed carrier (e.g., Geurts & Wouters 2001; Laneau et al. 2006;
McKay et al. 1994). Melody recognition or melody-related
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performance can be improved using such a strategy but often at
the expense of speech recognition (e.g., Green et al. 2005).

An alternative approach is to use place cues to improve
melody or voice pitch recognition. Wouters et al. have sug-
gested that a greater number of electrodes be used than are
currently allocated in the fundamental frequency range (Geurts
& Wouters 2004; Laneau et al. 2004). Given the limited total
available number of electrodes in the current devices, a
trade-off is required in channel densities between low and high
frequencies. Other options of increasing the number of elec-
trodes will require new electrode design and technology
(Hillman et al. 2003) or the application of virtual channels
(Donaldson et al. 2005; Townshend et al. 1987). It is likely that
the extent to which the actual cochlear implant users may
benefit from these enriched signals or alternative processing
schemes will depend on their residual capacities.

Summary
Cochlear implant melody recognition is best when listening to

high-frequency melodies (414–1046 Hz) as opposed to low- or
middle-frequency melodies (104–262 and 207–523 Hz) and when
listening to pure tones instead of complex harmonic tones. The
number of electrodes had no effect on low- and middle-frequency
melody recognition but affected high-frequency melody recogni-
tion in a way similar to phoneme recognition. Similar to speech
recognition, cochlear implant melody recognition exhibited large
individual variability. The source of the large variability in melody
recognition seems to be different from the source of the variability
in speech recognition.
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