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Abstract

Both place and temporal codes in the peripheral auditory system contain pitch information, however, their actual use by the
brain is unclear. Here pitch data are reported from users of the cochlear implant, which provides the ability to change the temporal
code independently from the place code. With fixed electrode stimulation, both frequency discrimination and pitch estimate data
show that the cochlear implant users can only discern differences in pitch for frequencies up to about 300 Hz. An integration
model can predict pitch estimation from frequency discrimination, reinforcing Fechner’s hypothesis relating sensation magnitude
to stimulus discriminability. The present results suggest that 300 Hz is the upper boundary of the temporal code and that the
absolute place information should be included in the present pitch models. They further suggest that future cochlear implants need
to increase the number of independent electrodes to restore normal pitch range and resolution.
- 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pitch is a fundamental attribute of auditory percep-
tion allowing sounds to be ordered from low to high
(Stevens, 1954; ANSI, 1973). Neurophysiological stud-
ies in animals have shown that pitch can be encoded by
either the place of excitation as a function of stimulus
frequency along the cochlea, i.e. the ‘place code’ (John-
stone and Boyle, 1967; Rhode, 1978) or the temporal
structure of discharges that is phase-locked to the fre-
quency, i.e. the ‘temporal code’ (Kiang et al., 1965;
Rose et al., 1967). Because the place and temporal co-
des usually co-vary with stimulus frequency in acoustic
hearing, their relative contribution to pitch perception
has been a topic of continuous debate for over 100
years but still remains unsettled (Helmholtz, 1877; We-
ver, 1948; Licklider, 1951; Evans, 1978; Srulovicz and
Goldstein, 1983; Young and Sachs, 1979; Chatterjee
and Zwislocki, 1997; Moller, 1999).
Burns and Viemeister (1976) used sinusoids of di¡er-

ent frequencies to amplitude-modulated white noise
(SAM noise) to study the temporal coding of pitch in
acoustic hearing. The SAM noise has a sinusoidal tem-
poral envelope but a noise spectrum, forcing listeners to
rely on the temporal envelope cue to perform pitch-
related tasks. Their result showed that listeners could
derive pitch by following the temporal envelope fre-
quency to about 500 Hz. Similarly, Formby (1985)
found that the di¡erence limen in modulation frequency
of the SAM noise increases dramatically from about 3
to 122 Hz for modulation frequency at 80 and 400 Hz,
respectively. This large increase in modulation fre-
quency discrimination contrasts greatly the 1^2 Hz dif-
ference in tonal frequency discrimination within the
same 80- to 400-Hz range. The results from the SAM
noise experiments imply that the upper boundary of
temporal pitch is 300^500 Hz. However, this implica-
tion has been controversial because SAM noise only
elicits weak pitch sensations in normal-hearing listeners.
Here we use cochlear implants to delineate the rela-

tive contribution of place and temporal cues to pitch
perception. The cochlear implant directly stimulates the
auditory nerve through a ¢xed electrode array inserted
into the cochlea, providing a unique opportunity to
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study the temporal code independent of the place code.
We systematically changed the stimulus frequency on a
single electrode pair and measured the frequency di¡er-
ence limen and pitch^frequency function in four cochle-
ar implant users. We found that these implant users
could only detect di¡erences in pitch for frequencies
up to roughly 300 Hz. Correspondingly, they could
perceive increased pitch with frequency until the same
300-Hz frequency was reached. These results suggest
that 300 Hz is the upper boundary of the temporal
code for pitch perception.

2. Materials and methods

2.1. Subjects

Four post-lingually deafened adults (one female and
three males) participated in this study. Three subjects
were cochlear implant users of the Ineraid device (Ed-
dington et al., 1978) and one subject (JM) was a Nu-
cleus-22 user (Clark et al., 1987). The subjects had used
the implant for 5^20 years and were average to ‘star’
users (from occasional to regular telephone use). They
all had extensive experience in psychophysical and
speech tests. An informed consent was approved by a
local Institutional Review Board and obtained from
each individual subject after the nature and possible
consequences of the study were explained.

2.2. Stimuli

Biphasic (100 or 200 Ws/phase) pulses of di¡erent fre-
quencies were used in the experiments. All stimuli were
300 ms in duration and delivered through a constant
current source to the most apical or basal electrode.
The distance between the most apical and the most
basal was about 20 mm for Ineraid users (AM and
MK), was undetermined for the third Ineraid user
(DC) (see ¢g. 5A in Eddington et al., 1978), and was
12.75 mm (17U0.75 mm) for the Nucleus user. The
reference electrode was outside the cochlea in Ineraid
users and adjacent (BP+1) to the stimulating electrode
in the Nucleus user. Customized research interfaces
were used to deliver the electric stimulation (for Ineraid
devices, see Zeng and Shannon, 1994; for Nucleus de-
vices see Shannon, 1992).

2.3. Procedure

A balancing procedure was used to measure the com-
fortable loudness level for all stimulus frequencies and
electrodes (Zeng and Shannon, 1994). All stimuli were
presented at the same comfortable loudness level.
A two-down, one-up, three-alternative, forced-choice,

adaptive procedure was then used to measure frequency
discrimination (Levitt, 1971). An absolute magnitude
estimation procedure was used to estimate the numeri-
cal value of the pitch for all stimulus frequencies and
electrodes (Zwislocki and Goodman, 1980). The se-
quence of frequency and electrode was randomized
and the results averaged over four to six estimates.

3. Results

Fig. 1 shows that, for both apical (circles) and basal
(triangles) electrodes, the frequency di¡erence limen
(y-axis) increases monotonically as a function of the
standard frequency (x-axis). The average di¡erence
limen was 12 Hz at the standard frequency of 50 Hz,
gradually increased to 40 Hz at 200 Hz, and dramati-
cally elevated to 135 Hz or more at 300 Hz and above.
This trend in the frequency di¡erence limen can be ac-
curately (R2 = 0.92^1.00) described by an exponential
function (solid lines for apical electrodes and dashed
lines for basal electrodes).
Fig. 2 shows pitch estimates (y-axis) as a function of

frequency (x-axis) from both apical (circles) and basal
(triangles) electrodes in the same cochlear implant sub-
jects. Note ¢rst that all subjects showed a saturated
pitch^frequency function. Pitch monotonically in-
creased with frequency up to roughly 300 Hz, but sa-
turated with further increases in frequency. Second,
note the interaction between stimulus frequency and
electrode position. Pitch was dominated by the tempo-
ral code at low frequencies, demonstrated by similar
pitch perception at these frequencies between apical
and basal electrodes (no signi¢cant di¡erence in pitch
estimates was found at 50 Hz: 2.5 vs. 6.1; t-test,
Ps 0.1). On the other hand, pitch was dominated by
the place code at the highest frequencies, demonstrated
by the constant di¡erence between apical and basal
electrode stimulation at these frequencies (signi¢cantly
lower pitch was obtained with the apical stimulation
than the basal stimulation at the highest frequency:
79.0 vs. 89.1; t-test, P6 0.01).
Following Fechner’s (1966) original proposal that the

perceptual di¡erence in sensation is constant, we can
derive the pitch^frequency function (Fig. 2) from the
frequency di¡erence limen data (Fig. 1). Fechner’s pro-
posal can be written as:

vP ¼ C ð1Þ

where vP is the perceptual di¡erence in pitch and C is a
constant. We showed in Fig. 1 that the frequency di¡er-
ence limen (vF) is described by an exponential func-
tion:

vF ¼ aebF ð2Þ

HEARES 4000 1-11-02

F.-G. Zeng /Hearing Research 174 (2002) 101^106102



where a and b are depicted for each data set in Fig. 1.
Dividing Eq. 1 by Eq. 2 and integrating the combined
equation, we obtain the predicted pitch^frequency func-
tion:

P ¼ K3
C

abebF
ð3Þ

where K depicts the saturation pitch determined by the
electrode position.
The solid lines in Fig. 2 represent the predicted pitch^

frequency functions from the apical electrode and the
dashed lines represent that from the basal electrode
(R2 = 0.91^0.98). The mean saturation pitch for apical
electrodes (K=73.9; S.D. = 9.3) is signi¢cantly lower
than that for basal electrodes (K=87.0; S.D. = 3.6;
t-test, P6 0.05). The constant perceptual di¡erence in
pitch (C) is not statistically di¡erent between apical
and basal electrodes (6.4 vs. 9.0; t-test, Ps 0.1). These

Fig. 1. Frequency discrimination as a function of frequency in four
cochlear implant subjects. The x-axis is the standard frequency of
biphasic pulse trains and the y-axis is the di¡erence limen, both in
Hz. Circles represent data collected with apical electrodes and trian-
gles represent data collected with basal electrodes. The solid and
dashed lines represent the ¢t of an exponential function (see inserted
equations in each panel) to the data collected with apical and basal
electrodes, respectively.

Fig. 2. Pitch magnitude estimates as a function of frequency in four
cochlear implant subjects. The x-axis is the frequency of a biphasic
pulse train and the y-axis is its estimated subjective pitch. Circles
represent data collected with apical electrodes and triangles repre-
sent data collected with basal electrodes. Error bars represent
O standard errors. The solid and dashed lines represent the predicted
pitch function (Eq. 3 in the text) from the frequency discrimination
data for apical and basal electrodes, respectively. The data points at
50 Hz were weighted four times more than the rest of the data
points to re£ect the dominant temporal pitch at this frequency. K
depicts the saturation pitch value and C depicts the constant percep-
tual di¡erence in pitch (Eq. 3 in the text).
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values indicate roughly 10 discriminable steps ( =K/C)
for temporal pitch in electric hearing.

4. Discussion

Pitch estimate and rate discrimination in electric
hearing have been mostly examined separately in pre-
vious studies (Bilger, 1977; Eddington et al., 1978; Sim-
mons et al., 1981; Hochmair-Desoyer et al., 1983;
Shannon, 1983; Clark et al., 1987; Townshend et al.,
1987; Pijl and Schwarz, 1995; McDermott and McKay,
1997; Wilson et al., 1997; Fearn et al., 1999). The re-
sults from these studies were mostly consistent with the
present data. One exception was that one of the ¢ve
subjects (SR2) in the Wilson et al.’s study and two
subjects in the Hochmair-Desoyer’s study showed no
sign of saturation in temporal pitch for rates up to
500^1000 Hz. It is not clear why these subjects could
discern pitch di¡erences at these high rates. One possi-
bility is that these subjects had an unusually high degree
of nerve survival. On the other hand, the relationship is
loose at best between temporal pitch and nerve survival.
For example, most cochlear implant users have signi¢-
cant nerve loss, but their pitch performance is highly
consistent with the temporal pitch data obtained using
either the sinusoidally amplitude-modulated noise
(Burns and Viemeister, 1976; Formby, 1985) or the
¢ltered click trains (McKay and Carlyon, 1999) in nor-
mal-hearing listeners. Together, the present available
data suggest that the upper boundary using temporal
code for pitch is likely much lower than that suggested
in previous neurophysiological studies (300 vs. 3000
Hz).
However, the fact that cochlear implant users cannot

discriminate temporal pitch at higher than 300-Hz fre-
quencies does not necessarily mean that they cannot
process temporal information at these frequencies.
Physiological studies have found much higher synchro-
nization in the auditory nerve’s response to electric
stimulation than acoustic stimulation (Dynes and Del-
gutte, 1992; Litvak et al., 2001). Psychophysical data
show that the implant users could detect temporal £uc-
tuations at frequencies as high as 4000 Hz (Shannon,
1992). Similarly, speech performance improved signi¢-
cantly in single-channel Vienna implant users when the
signal bandwidth was increased from 300 to 900 Hz
(Hochmair-Desoyer et al., 1985). This use of higher
than 300-Hz frequency boundary is in line with the
phase-locking capability of the auditory nerve. How-
ever, the percept evoked by the high-rate modulation
or stimulation may re£ect di¡erent degrees of ‘rough-
ness’ in timbre rather than ‘highness’ in pitch.
Second, the accurate prediction of pitch estimation

from frequency discrimination by a simple integration
model is strikingly similar to the close coupling between
intensity discrimination and loudness estimation in elec-
tric hearing (Zeng and Shannon, 1994, 1999). These
results reinforce Fechner’s classic hypothesis relating
stimulus discriminability to sensation magnitude, indi-
cating that this relationship is not coincidental but pos-
sibly a consequence of the sensory and nervous systems’
structure and function (Rushton, 1961; Stevens, 1970).
Third, the present result bears important considera-

tions for the design of future cochlear implants. Current
cochlear implants typically have 12 to 22 physical elec-
trodes, but have a reduced number of e¡ective func-
tional channels (four to eight, see Fishman et al.,
1997) with a relatively small perceptual change in place
pitch from apical to basal electrodes (¢g. 2 of this re-
port and see also ¢g. 4 in Eddington, 1980). Therefore,
the total pitch range that current cochlear implants may
cover is limited to at most 1200^2400 Hz (300 HzUfour
or eight channels). Future cochlear implant needs to
increase both the density and range (towards both the
apical and basal ends) of independent electrodes than
presently available to restore the normal pitch resolu-
tion and range. This requirement may be met by (1)
increasing the physical number of electrodes ; (2) intro-
ducing virtual channels between electrodes (McDermott
and McKay, 1994); and (3) restoring stochastic electric
responses (Rubinstein et al., 1999; Zeng et al., 2000).
Finally, the present results obtained with simple stim-

uli can be used to test the validity of contemporary
pitch models of complex sounds. To predict the percep-
tion of periodicity pitch of complex sounds, modern
models have all combined time and place information
(Srulovicz and Goldstein, 1983; Lyon, 1984; Houtsma
and Smurzynski, 1990; Shackleton and Carlyon, 1994;
Meddis and O’Mard, 1997; Shamma and Klein, 2000).
For example, the popular autocorrelation theory (e.g.
Meddis and O’Mard, 1997) ¢rst computes a temporal
autocorrelation function in each frequency channel and
then sums the autocorrelation function across all fre-
quency channels to form the basis for pitch estimation.
We now consider a simple case in acoustic and electric
stimulation to test the validity of this autocorrelation
model.
For simplicity, let us assume only four frequency

bands ranging from low to high frequency (or apical
to basal) in the model (y-axis labeled with ‘Place’ in
Fig. 3). In acoustic stimulation with intact cochlear ¢l-
ters, a high-frequency tone will activate the high-fre-
quency channel and produce a short-latency peak in
the autocorrelation function (dashed line in A). The
summed autocorrelation function (solid line on the bot-
tom) will have a short latency, indicating a high pitch.
Similarly, a low-frequency tone will activate the low-
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frequency channel and produce a long-latency peak in
the autocorrelation function, indicating a low pitch (B).
With acoustic stimulation, the place (the frequency
channel being activated) and the time (latency) are in-
trinsically correlated. However, with electric stimula-
tion, identical temporal information can be provided
to di¡erent channels by independently stimulating the
basal (C) and apical (D) electrodes. The summed auto-
correlation function should be identical between basal
and apical stimulation, predicting an independence of
rate pitch on the place of stimulation. This prediction is
clearly inconsistent with the observed joint dependence
of pitch perception on rate and place (Fig. 2; see also
Eddington et al., 1978; Eddington, 1980; Tong et al.,
1983; Townshend et al., 1987; Nelson et al., 1995).
Other pitch models (Srulovicz and Goldstein, 1983;
Shamma and Klein, 2000) have incorporated place as
a central template for pitch matching, but only used the
place information in a relative sense to calculate pitch.
The present data suggest that these modern pitch mod-
els of complex sounds should take absolute place infor-
mation into account.
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