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Three experiments studied discrimination of changes in the rate of electrical pulse trains by
cochlear-implant (CI) users and investigated the effect of manipulations that would be expected to
substantially affect the pattern of auditory nerve (AN) activity. Experiment 1 used single-electrode
stimulation and tested discrimination at baseline rates between 100 and 500 pps. Performance was
generally similar for stimulus durations of 200 and 800 ms, and, for the longer duration, for stimuli
that were gated on abruptly or with 300-ms ramps. Experiment 2 used a similar procedure and found
that no substantial benefit was obtained by the addition of background 5000-pps “conditioning”
pulses. Experiment 3 used a pitch-ranking procedure and found that the range of rates over which
pitch increased with increasing rate was not greater for multiple-electrode than for single-electrode
stimulation. The results indicate that the limitation on pulse-rate discrimination by CI users, at high

baseline rates, is not specific to a particular temporal pattern of the AN response.
© 2010 Acoustical Society of America. [DOI: 10.1121/1.3291981]
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I. INTRODUCTION

An important finding in the cochlear-implant (CI) litera-
ture concerns the ability of CI users to process differences in
the repetition rate of an electrical stimulus, such as a pulse
train. For pulse rates lower than about 300 pps, listeners can
detect rate differences of a few percent, and some listeners
can use pulse-rate differences to recognize melodies and to
estimate or even produce musical intervals (Pijl and
Schwarz, 1995; McDermott and McKay, 1997; Moore and
Carlyon, 2005). However, at higher pulse rates, these abili-
ties usually decline dramatically; although marked individual
differences exist, the vast majority of CI users do not reliably
associate increases in pulse rate above about 400 pps with
increases in pitch, and in many listeners this “upper limit” is
considerably lower (Shannon, 1983; Townshend et al., 1987,
McKay et al., 2000; Zeng, 2002; but see Kong et al., 2009).

The upper limit of temporal pitch in CI users is of both
clinical and scientific importance. Clinically, attempts to en-
code “temporal fine structure” in CIs (Nie ef al., 2005; Stick-
ney et al., 2005; Riss et al., 2008) are likely to be limited by
the range of temporal repetition rates that can be processed
by CI users. Scientifically, several authors have pointed out
the apparent paradox between the inability of CI users to
encode high pulse rates and both the accurate encoding of
such stimuli in the auditory nerve of deafened animals, and
evidence that normal-hearing (NH) listeners use phase lock-
ing cues to estimate the frequency of pure tones up to at least
2000 Hz (Moore, 1973; Hartmann et al., 1990; Shepherd and
Javel, 1997; Micheyl et al., 1998). This in turn has led to
suggestions that accurate temporal processing may be sub-
jected to additional requirements that are not met by CI
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stimulation; these have included (i) stochastic activity in the
auditory nerve (AN) (Rubinstein et al. 1999), (ii) comparison
of timing differences across different AN fibers produced by
the basilar-membrane (BM) traveling wave (Shamma, 1985;
Moore and Carlyon, 2005), (iii) a “match” between the tem-
poral pattern of activity in a given nerve fiber and the place
on the BM that it innervates (Moore, 1982; Oxenham er al.,
2004; Moore and Carlyon, 2005), and (iv) stimulation of
auditory nerve fibers that innervate very apical regions of the
cochlea (Middlebrooks and Snyder, 2009).

Despite its importance, the locus of the high-rate limita-
tion remains largely unknown. Circumstantial evidence for a
peripheral limitation, at the level of the AN, comes from
measures of the electrically evoked compound action poten-
tial (ECAP). Wilson er al. (1997a) reported that although the
ECAP to each pulse of a low-rate (e.g., 100 pps) pulse train
was of roughly equal size, at higher pulse rates (e.g., 1000
pps) the ECAP to odd-numbered pulses was larger than that
to even-numbered pulses. This “alternating-amplitude” pat-
tern was attributed to a large number of neurons being acti-
vated by the first pulse, refractory when the second pulse was
presented, recovered by the third, and so on. It could affect
pitch perception at high rates by conveying two intervals to
the brain, corresponding to the time between every pulse and
to that between every second pulse [Fig. 1(a)]. For example,
if the compound activity of the AN were processed by an
array of “more central” neurons having different thresholds
(Carlyon et al., 2008b), those with higher thresholds would
respond only to the odd-numbered pulses and therefore con-
vey a pulse rate an octave lower than that actually presented.
If the depth of the alternating-amplitude pattern increased
with pulse rate, then more and more of these neurons would
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FIG. 1. (a) and (b) show schematic pulse trains (left-hand side, filled bars)
together with hypothetical “alternating-amplitude” ECAPs (right-hand side,
open bars). More central neurons having thresholds above the dashed lines
would respond to every other pulse. If the ECAP becomes more modulated
with increasing rate (b) then the increase in the number of more central
neurons responding only to every other pulse might counteract the increase
in pitch resulting from the shorter interpulse interval. (c) shows pulse trains
presented in the standard and signal intervals of the “dichotic” conditions
studied by van Hoesel and by Carlyon (van Hoesel and Clark, 1997; van
Hoesel, 2007; Carlyon et al., 2008a). The pulse rate presented to the left ear
in the signal interval differs not only from that presented to the same ear in
the standard interval but also from that presented to the right ear in the
signal interval. The resulting binaural cue aids performance at low, but not at
high, pulse rates (Carlyon er al., 2008a). (d) represents the pulse trains
presented on seven electrodes in the “peaked” condition of experiment 3.

convey rates corresponding to every second pulse, and this
could counteract the increase in pitch expected from shorter
interpulse intervals [Fig. 1(b)].

Evidence also exists for a more central limitation. Ox-
enham et al. (2004) required NH listeners to discriminate
differences in the modulation rate of so-called “transposed
tones” (Bernstein and Trahiotis, 2002)—high-frequency
tones multiplied by a half-wave-rectified low-frequency si-
nusoid. They argued that these stimuli should produce simi-
lar patterns of AN activity to a pure tone, but in fibers having
characteristic frequencies (CFs) corresponding to the carrier
(but see Dreyer and Delgutte, 2006). Frequency difference
limens (DLs) were considerably higher than for pure tones,
and, importantly, listeners could not extract a “missing fun-
damental” from three harmonically related modulators each
applied to a separate high-frequency carrier. They argued that
the processing of phase locking at the level of the brainstem
and above required either a match between the place and rate
of stimulation or a comparison between the relative timing of
activity in different AN fibers. More recently, Kong et al.
(2009) showed that although the variation in rate discrimina-
tion as a function of baseline rate differed across listeners,
for a given listener this variation was similar for rate dis-
crimination of simple pulse trains and for the discrimination
of the rate of sinusoidal amplitude modulation applied to a
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5000-pps carrier. Presumably, the two types of stimulus pro-
duced different patterns of AN activity, tentatively suggest-
ing that the across-listener differences may have arisen from
more central processes.

The present study evaluates stimulus manipulations that
would be expected to markedly affect the pattern of AN ac-
tivity and which could feasibly extend the upper limit of
temporal pitch. Experiment 1 examines the effect of increas-
ing stimulus duration from 200 to 800 ms, and of turning the
pulse trains on and off with long (300-ms) ramps. Physi-
ological data indicate that the alternation in the ECAP am-
plitude to successive pulses gets smaller later in the pulse
train (Wilson er al,, 1997b), so using a longer stimulus
should provide a portion of the stimulus during which the
alternation is reduced. Furthermore, we would expect the use
of gradual onsets to also reduce this alternation because the
effective “first pulse” will differ across neurons according to
their threshold. Experiment 2 investigated whether the addi-
tion of a background 5000-pps pulse train would improve
rate discrimination of moderate-rate (100-500 pps) pulses.
The use of these so-called “conditioning pulses” has been
shown to abolish the alternating-amplitude ECAP pattern
(Rubinstein et al., 1999). Experiment 3 studied whether pitch
increased monotonically to higher overall pulse rates when
multiple electrodes, rather than a single electrode, were
stimulated (McKay et al., 2005). Overall, none of the ma-
nipulations performed in the three experiments produced a
substantial improvement in performance at the upper end of
the rates studied. Section V discusses the generality of the
present findings and considers additional steps that may be
necessary to extend the range of rates that can be accurately
encoded by CI users.

Il. EXPERIMENT 1: EFFECTS OF SIGNAL DURATION
AND ONSET/OFFSET ENVELOPE

A. Method

Six users of the Nucleus CI24M implant (Table I) were
presented with biphasic pulse trains to electrode 11, in mo-
nopolar (MP1+2) mode, with a pulse duration of 45 us per
phase and an interphase gap of 8 us. In different conditions,
the pulse trains were either turned on abruptly and had a
duration of 200 or 800 ms or, for the 800-ms duration, were
turned on and off with 300-ms ramps. The ramps were linear
in terms of Cochlear Corporation’s (roughly logarithmic)
clinical “current units” (CUs), with end points corresponding
to threshold and the steady-state amplitude of the central
portion of the pulse train (see below). Stimuli were con-
trolled using the APEX software package (Laneau ef al.,
2005) and checked using a test implant and digital storage
oscilloscope.

Rate discrimination was measured for 100-, 200-, 300-,
400-, and 500-pps standards using the “mixed-block™ proce-
dure described by Kong er al. (2009). On each trial, the
listener was presented with the standard and a signal, having
a 35% higher rate, in random order, and was required to
indicate which interval contained the higher pitch. Responses
were scored as correct when the signal interval was chosen,
and correct-answer feedback was provided. The order in
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TABLE I. Details of the cochlear-implant users who took part in the experiments.

Duration of profound

Age deafness Duration of =~ BKBq BKBn
Subject  (years) Etiology (years) implant use (%) (%)
S1 61 CSOM 10 8 years 90 85
S2 77 Otosclerosis/noise induced 22 5 years 90 69
S3 41 Congenital progressive 35 2 years 97 46
S4 76 Progressive unknown 5 5 years 84 78
S5 66 Sudden, unknown 21 6 years 89 56
S6 71 Otosclerosis >30 7 years 49 22
S7 60 Sudden, viral >30 1 year 58 14
Ml 44 Progressive unknown 2 years 18 months 98.7% 88.0%
M2 72 Unknown Unknown 2 years Unknown  Unknown

which the different standard rates were presented from trial
to trial was randomized." Each block consisted of 10 trials
per standard rate, and the results from 10 blocks were aver-
aged; each data point presented here therefore corresponds to
the mean of 100 trials.

Prior to the main part of the experiment, the stimuli were
loudness balanced using the method described by Lands-
berger and McKay (2005). A pair of stimuli was presented to
each subject. At the initial presentation, the first stimulus in
the pair was fixed at “comfort (“C”) level” and the second
was presented at a much quieter level. The subject was in-
structed to raise the level of the variable sound (second
stimulus) until it was slightly louder than the fixed sound and
then reduce the level until the two sounds were equally loud.
All baseline rates were loudness matched to the baseline rate
of 100 pps, and then each signal was loudness matched to the
corresponding baseline.

B. Results

Data for each listener are shown separately in the six
panels of Fig. 2(a). Listeners S1-S5 show the “classic” pat-
tern in most conditions, with very good performance at the
lowest standard rates, that deteriorates to near-chance levels
at the highest rates tested. Exceptions are listener S1, who
performs close to ceiling at all rates tested for the 200-ms
duration, and listener S3, who for the 200-ms duration shows
the nonmonotonic pattern recently described by Kong et al.
(2009). Listener S6 shows an unusual pattern, in all three
conditions, with below-chance performance at intermediate
rates. Note that this occurred despite the fact that correct-
answer feedback was provided after every trial. This result is
consistent with a decrease in pitch with increasing pulse rate
over some range of rates, and we will return to this finding in
Sec. IV.

Data averaged across listeners are plotted in Fig. 2(b),
which shows that mean performance declines monotonically
with increasing standard rate. Although performance appears
to be slightly better at high rates for the 200-ms duration, a
two-way (rate X condition) repeated-measures analysis of
variance (ANOVA) found no interaction between rate and
condition [F(8,5)=1.6, p=0.2], and the main effect of con-
dition just failed to reach significance [F(2,10)=3.7, p
=0.06].
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The rationale for experiment 1 was that the alternating-
ECAP pattern should be reduced by turning the pulse trains
on gradually and that the reduction in the alternation ob-
served later in the pulse train in animal experiments might
reduce the influence of the alternation on perception, by al-
lowing the listener to focus on the later portions of the stimu-
lus. However, neither of these two manipulations helped.
Overall, performance at high rates was, if anything, slightly
better for the shorter (200-ms) stimulus, and the addition of
300-ms ramps produced only a small and nonsignificant im-
provement (compare upright and inverted triangles in Fig. 2).

lll. EFFECT OF HIGH-RATE “CONDITIONING”
PULSES

A. Rationale

As noted in the Introduction, it has been suggested that
the deterministic nature of the AN response to electrical
stimulation may impair the encoding of temporal informa-
tion. Two approaches—the addition of noise to the signal and
the addition of high-rate background pulses—have been pro-
posed (Morse and Evans, 1996; Rubinstein ef al., 1999; Zeng
et al., 2000; Chatterjee and Robert, 2001). In both cases, it
has been suggested that there is an optimal level of the added
stimulus that increases the stochasticity of the response to the
signal without “swamping” it. Experiment 2 was motivated
by suggestion of Rubinstein ez al. (1999) that a more sto-
chastic pattern of firing could be introduced by the addition
of high-rate background pulses, and by their demonstration
that the alternating-amplitude ECAP pattern in response to a
1016-pps pulse train could be eliminated by the addition of a
5081-pps conditioner. Note that, although the high-rate pulse
trains used to study the effects of conditioners on threshold
and on neural responses are typically presented continuously
(Runge-Samuelson e al., 2004; Hong and Rubinstein, 2006),
this is not crucial for an effect on the ECAP amplitude alter-
nation to be observed; the conditioner used by Rubinstein
et al. (1999) was turned on only 29 ms before the 1016-pps
pulse train. Experiment 2 used the same “mixed-block”™ pro-
cedure as in experiment 1, with the following differences.

Four users of the Nucleus CI24M implant and two users
of the MedEl Pulsar implant (M1 and M2, see Table I) took
part. In both cases the stimulus duration was 300 ms. For the
CI24M users, rate discrimination was measured for baseline

Carlyon et al.: Upper limit of temporal pitch 1471

Author's complimentary copy



100} +

3 E3
30f 3

——

F O 200ms A 4

¥ A 800ms 3

I V 800ms with 300ms Ramps 4
1 1

100 | I I I IS4 ¥
3
30f 3

% Correct (+/— 1 se)

S5 ¥ SB 3

f
<
1

/

B—n

1 " " " 1 " 1
100 200 300 400 500

1 " " " " 1
100 200 300 400 500

1 " " " " 1
100 200 300 400 500

Standard Rate (pps)

b)

100
90
80
70

60

% Correct (+/— 1 se)

50

40

Group Mean

1 A 800ms No Ramps
1 V 800ms with 300ms Ramps
4 O 200ms

4

1
100 200 300 400
Standard Rate (pps)

|
500

FIG. 2. (a) shows rate discrimination, obtained using the “mixed rate” procedure, for the six subjects of experiment 2. Data are shown for signal durations of
200 and 800 ms, and, in the latter case, with and without 300-ms onset and offset ramps. (b) shows the data averaged across listeners, with standard errors

indicated by error bars.

rates of 100-500 pps in the absence of a conditioner and in
the presence of a 5000-pps conditioner that, in different con-
ditions, could have one of a range of different levels. These
levels were based on a preliminary experiment that measured
the threshold and comfort (“C”) level for a 300-ms 5000-pps
pulse train. The conditioner levels were then chosen to be at
—20%, 0%, 20%, 40%, 60%, and 80% of the dynamic range,
where 0% corresponds to threshold and 100% to C level.
These percentages were calculated in terms of Cochlear Cor-
porations CUs, which are a roughly logarithmic function of
current. The conditioners were turned on 300 ms before and
off 200 ms after, each standard and signal pulse train. Inter-
pulse intervals were filled with an integer number of condi-
tioner pulses at the conditioner rate. The different conditioner
levels were run in separate blocks of 10 trials per point, in a
counterbalanced order, until 100 trials per point had been
collected for each subject and condition. Pulse duration was
45 us/phase and the interphase duration was 8 us. Stimuli
were checked as in experiment 1.

1472 J. Acoust. Soc. Am., Vol. 127, No. 3, March 2010

Stimulation of the MedEl implant was implemented us-
ing the “RIB2” software and hardware produced by the Uni-
versity of Innsbruck, and checked by connecting the output
of a “detector box” whose internal electronics are the same
as for a Pulsar implant, to a digital storage oscilloscope. The
experimental method was similar to that for the CI24M us-
ers, except that dynamic range was defined in terms of
MedEl’s (approximately linear) current units, and that the
conditioner pulse trains were turned on 4 min before each
block of trials.” For these listeners, within each session two
blocks of ten trials/point were run for each conditioner level
before moving to the next-highest level, to avoid any re-
sidual effects from the conditioner in one block of trials on
the neural responses during the next block. In addition, one
listener (M 1) was subsequently retested about 1 month later
using conditioners turned on and off before each stimulus, as
for the CI24M users. Pulse duration was 43 us/phase with
no interphase gap. For both groups of listener, the stimuli
were loudness balanced in the absence of a conditioner using
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FIG. 3. (a) shows rate discrimination data from experiment 2, for conditions without a conditioner (solid squares) and for conditioners of various levels (open
symbols and asterisks; color online). (b) shows the original data for listener M2 obtained with a continuous conditioner in the left-hand panel, together with,
in the right-hand panel, a retest in which the conditioner was turned on and off before each stimulus.

the same method as for experiment 1. These loudness bal-
anced levels were used regardless of the presence or level of
the conditioner.

B. Results

Results from the six listeners who took part in experi-
ment 2 are shown in Fig. 3(a). Performance in the absence of
a conditioner, shown by the filled squares, was universally
good at the lowest rate tested (100 pps) and declined mono-
tonically at higher standard rates. Generally speaking, the
conditioner pulses had no substantial effect on performance.
Minor exceptions were listeners S2 and S3, for whom most
conditioners impaired performance, and listener M1, for
whom all levels of conditioner produced slightly better per-
formance at 200 and 500 pps than when no conditioner was
present. To test whether this small improvement depended on
the conditioner pulses being presented continuously, this lis-
tener was retested several months later with conditioners that
were turned on 300 ms before and off 200 ms after, each
standard and signal pulse train. The retest was performed
with no conditioner and with conditioner levels correspond-

J. Acoust. Soc. Am., Vol. 127, No. 3, March 2010

ing to 20% and 60% of the dynamic range. The results are
shown in the right-hand panel of Fig. 3(b), with the original
data for the same conditions replotted in the left-hand panel.
The main difference between the two plots is that perfor-
mance at 200 and 500 pps, in the absence of the conditioner,
was better in the second set of measures. Combined with the
fact that performance for all levels of the continuous condi-
tioner was similar, the most parsimonious explanation for the
apparent effect of the continuous conditioner is that the ini-
tial estimate of no-conditioner performance was, for some
reason, too low at 200 and 500 pps, and that there was no
reliable effect of adding a conditioner.”

IV. EXPERIMENT 3: CONCURRENT STIMULATION OF
MULTIPLE ELECTRODES

A. Rationale and method

McKay er al. (2005) investigated an informal clinical
observation that, when a patient’s CI is reprogramed to use a
speech-processing strategy with a faster pulse rate, the pa-
tient sometimes reports hearing a change in pitch even
though both the original and new pulse rates are much higher
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than 300 pps. They considered the possibility that the re-
ported pitch change arose from the change in current level
necessitated by the new rate, which may have resulted in
“place-of-excitation” differences. To test this idea, they gen-
erated nine seven-electrode stimuli, comprising three “spec-
tral profiles” (with current maxima at apical, middle, and
basal locations) and three pulse rates of 450, 900, and 1800
pps per electrode. A multidimensional scaling study revealed
separate perceptual dimensions for spectral profile and pulse
rate. The authors concluded that the increases in pulse rate
above 450 pps, when applied to multiple electrodes, pro-
duced detectable changes in a perceptual dimension that
were not conveyed by place-of-excitation cues. This dimen-
sion could, of course, be pitch, but other possibilities exist,
including the greater adaptation observed for higher rates of
stimulation (Zhang et al., 2007) and changes in other tempo-
ral properties such as perceived roughness.

Experiment 3 tested whether increases in pulse rate pro-
duce increases in pitch over a wider range with multiple
electrodes, compared to single-electrode, stimulation. In the
single-electrode condition, 500-ms 25 ws/phase pulse trains
applied to electrode 11 of a CI24M implant in monopolar
(“MP1+2”) mode. The interphase gap was 25 us. Nine
pulse rates, ranging from 112.5 to 1800 pps in half-octave
steps, were used. In the “flat” and “peak” spectral profile
conditions, the same pulse rates were applied concurrently to
electrodes 8—14 inclusive. Electrodes were stimulated in a
basal to apical order and the interpulse interval between elec-
trodes corresponded to 1/8 of the stimulus period. Before
testing, comfort (C) levels were obtained for each subject,
spectral profile, and rate. Initially, subjects indicated the
comfort level of each electrode presented in isolation and at
a rate of 450 pps. For multiple-electrode configurations, C
level was determined by presenting all seven electrodes at
their respective relative levels and at a rate of 450 pps, ini-
tially at a level well below expected comfort level. For “flat”
spectral profiles, each electrode was presented at the C level
determined for single-electrode presentation minus a global
adjustment (in CUs) compensating for the combined loud-
ness effects of several electrodes. “Peaked” profiles were
based on these same individual electrode levels but with at-
tenuations of 25, 18, 5, 0, 5, 18, and 25 CUs applied to
electrodes 8-14, respectively. The levels of all electrodes
were then varied together until the subject reported that the C
level had been reached. Using the C level obtained at 450
pps as a reference, the C level for 112.5 225, 900, and 1900
pps trains were obtained by the method of adjustment de-
scribed above.

For each condition, the pitches of the different pulse-rate
stimuli were compared in experiment 3a using the “Midpoint
comparison” (MPC) procedure described by Long et al.
(2005). The MPC procedure ranks stimuli along a single per-
ceptual dimension (e.g., pitch) in an optimally efficient man-
ner, by means of paired comparisons. Initially, two stimuli
are selected at random and the subject indicates which has
the higher pitch. Next, a new stimulus is compared to the
higher ranked of these two and, if judged higher, is put in
first place; otherwise it is then compared to the lower-ranked
stimulus and positioned either second or third. As an ex-
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ample, later on in the procedure, a provisional ranking of
seven stimuli might be [CTE A F B D ]. The new stimulus,
G, would first compared to the middle rank (A), and if
judged higher the list is bisected so that it would be com-
pared to B; if judged lower than B, it would then be com-
pared to F. The procedure is continued until a rank is ob-
tained for all electrodes and was repeated 20 times for each
condition, allowing us to estimate a mean and standard error
for each rank. For each repetition, the various rates were
introduced to the procedure in a fresh random order. The
procedure has several desirable properties, that it shares with
the mixed-block procedure used in experiments 1 and 2: (i) it
is not subjected to many of the biases that plague magnitude-
estimation (“pitch scaling”) tasks (Poulton, 1979); (ii) there
is no single stimulus that is presented repeatedly throughout
each block, as is the case with adaptive procedures or the
method of constant stimuli; this reduces the likelihood of the
subject focusing on some idiosyncratic feature of one stimu-
lus; (iii) pitch varies substantially throughout each run, help-
ing the subject focus on that dimension; and (iv) each run
includes some easily discriminable pitches, preventing the
subject from becoming discouraged. We chose to use it in-
stead of the mixed-block procedure for three reasons: (i) the
absence of feedback makes the procedure more appropriate
for revealing pitch reversals, (ii) it provides an overview of
how pitch varies over a wide range of closely spaced rates,
and (iii) because we were studying a wide range of rates,
many of which we expected to produce very similar pitches,
the mixed-block procedure, in which only adjacent rates are
compared, would result in the subject spending much of the
time guessing. This problem was partially alleviated by the
midpoint comparison procedure because nonadjacent rates
were often compared.

To determine whether the different pulse rates were dis-
criminable, experiment 3b used the mixed-block procedure
described in Sec. II, with the important difference that a
three-interval two-alternative forced-choice (312AFC) trial
structure was used. This “odd-man-out” procedure allowed
the subject to use any difference between the stimuli to iden-
tify the stimulus with the higher rate, which could occur in
either the second or third intervals. Both single-electrode and
peaked stimuli were used, with standard rates of 112.5, 225,
450, 900, and 1272 pps. Signal rates were always half an
octave higher than the corresponding standard, and correct-
answer feedback was provided after every trial.

B. Results

The results of the MPC procedure of experiment 3a are
shown in Fig. 4(a). For the single-electrode condition (filled
triangles), the results are generally consistent with those ob-
tained using the mixed-block procedure of experiments 1 and
2. Listeners S1, S2, S4, and S7 all show an increase in pitch
up to some value, above which the functions asymptote. Fur-
thermore, listener S2, whose functions asymptote at a lower
rate than the others, also showed discrimination performance
that declined at a low rate in experiments 1 and 2. Listeners
S1 and S7, whose pitch rankings increased up to rates of
about 636 and 318 pps, respectively, also showed good per-
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FIG. 4. (a) shows the results of the midpoint-comparison procedure of experiment 3a for single-electrode and multielectrode stimulation. (b) shows the results

of the odd-man-out-discrimination task used in experiment 3b.

formance up to relatively high rates in experiment 2 [Fig.
3(a)]. Listener S6 shows an unusual pattern, in that pitch
appears to decrease with increasing pulse rate between 159
and 225 pps, and also above 636 pps. This listener also
showed an unusual pattern in experiment 1 [Fig. 2(a)], with
below-chance performance for standard rates of 200 and 300
pps.

The topic of primary interest concerns the comparison
between the functions obtained with single-electrode and
multielectrode stimuli. Inspection of Fig. 4(a) shows that in
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no case does pitch continue to increase up to a higher rate for
the multielectrode (open symbols) stimuli than for the single-
electrode (filled triangles) stimulus. The only discernable ef-
fects are a lower asymptote for listener S4, flat functions for
S6, and a decrease in pitch at higher pulse rates for S2. A
two-way repeated-measures ANOVA on the mean ranks for
each subject, excluding the anomalous data of S6, revealed
the expected main effect of pulse rate [F(8,24)=11.78; p
<0.02], but no main effect of spectral profile [F(2,6)
=1.0, n.s.] and no interaction [F(16,48)=1.22, n.s.].*
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The discrimination results from the odd-man-out task of
experiment 3b are shown in Fig. 4(b). For three listeners (S1,
S7, and S4), there are one or more high rates where discrimi-
nation is better with multielectrode (peaked) than with
single-electrode stimulation, even though pitch ranking over
these range of rates had reached an asymptote in experiment
3a. This may help reconcile the negative findings of experi-
ment 3a with observation of McKay et al. (2005) that
changes to pulse rate applied to multiple electrodes gave rise
to a discriminable perceptual dimension, even though rate
changes to a single electrode were not detectable in a forced-
choice task. That is, adding electrodes may allow a rate
change to become discriminable, without necessarily provid-
ing a consistent change in pitch. One way in which this could
happen comes from finding of Zhang et al. (2007) that ad-
aptation in AN fibers depends on pulse rate: with interleaved
stimulation on different electrodes the “effective” pulse rate
for any given neuron is increased, and this could result in
more adaptation. Alternatively, multielectrode stimulation
could influence the temporal pattern of firing, e.g., by abol-
ishing the alternating-amplitude ECAP pattern, and this dif-
ference could be detectable without improving pitch percep-
tion. Another possible explanation is that subjects used small
loudness differences in the forced-choice procedure, which
did not lead to differences in pitch, and that the salience of
these differences depended on the number of electrodes be-
ing stimulated.

V. DISCUSSION

A. Neural basis of temporal pitch perception by CI
users

The results presented here show that a number of stimu-
lus manipulations, that one would reasonably expect to have
a substantial impact on the AN response to a pulse train, do
not produce a marked improvement in rate discrimination at
high rates. A related finding was obtained by Kong et al.
(2009), who compared rate discrimination of regular pulse
trains with the ability to discriminate changes in modulation
rate imposed on a 5000-pps carrier. They found that, in both
conditions, the variation in performance as a function of the
standard (modulation) rate differed markedly across listen-
ers, but that, for a given listener and electrode, the pattern of
results was similar for the two stimuli. Similarly, in experi-
ment 2 of the present study, the upper limit differed across
listeners in a way that was immune to the addition of condi-
tioning pulses of a range of levels. Overall, the results lead to
the conclusion that the upper limit of temporal pitch is not
specific to any particular temporal pattern of AN activity.
However, this does not, of course, mean that features of the
auditory nerve response can never affect pitch perception.
Indeed, we have argued elsewhere that, at low rates, neural
refractoriness does affect temporal pitch (Carlyon et al.,
2002; van Wieringen et al., 2003; Carlyon et al., 2008b), and
the presence of some pitch reversals in experiment 3 could
result from an alternating-amplitude ECAP without this par-
ticular pattern being the reason why temporal pitch generally
asymptotes at high rates.

Although the present data argue against an explanation
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of the upper limit in terms of peripheral phenomena such as
reflected by the alternating-amplitude ECAP pattern, data
from other studies indicate that the limitations to high-rate
processing are not specific to pitch judgments. For bilateral
CI users, discrimination of interaural time differences be-
tween pulse trains presented to each ear also deteriorates
with increases in pulse rate (van Hoesel and Clark, 1997; van
Hoesel and Tyler, 2003; van Hoesel, 2007), and, even when a
rate difference between matched electrodes in the two ears
provides a usable binaural cue at low rates, this is not the
case when the pulse rate is high enough for monaural rate
discrimination to break down [Carlyon et al., 2008a: see Fig.
1(c) of the present article]. Hence we can tentatively con-
clude that the upper limitation arises at a site of processing
that is central to the AN but common to binaural and pitch
processes. One possibility is suggested by tantalizing obser-
vation of Snyder et al. (1995) that cells in the inferior colli-
culus (IC) differ in the highest rate to which they will phase
lock, but that this “upper limit” is similar, for a given cell,
regardless of whether the phase locking is to the pulse rate of
a simple pulse train or to the modulation rate imposed on a
high-rate carrier. Hence a stimulus-independent limitation
may occur at or before the IC, although we should of course
stress that this suggestion remains speculative.

The data presented here and elsewhere are also consis-
tent with the idea, mentioned in the Introduction, that the
electrical stimulus would need to be modified in order for
more central processes to effectively process the temporal
activity present in the AN. As long ago as 1982, Moore
(1982) suggested that the range of interpulse intervals that is
effectively processed by the brain is linked to the character-
istic frequencies of the AN fibers that convey that informa-
tion, and this idea has been more recently implemented in a
quantitative model (Bernstein and Oxenham, 2005). Interest-
ingly, although this idea suggests that high-rate information
should be more effectively conveyed by stimulating the base
of the cochlea, recent recordings from the IC suggest that,
conversely, stimulation of AN fibers that innervate the apex
of the cochlea may better convey temporal information
(Middlebrooks and Snyder, 2009). Another suggestion is that
the brain may exploit the phase differences in the response of
AN fibers having different CFs, which arise from the slowing
of the traveling wave on the BM (Shamma, 1985; Moore and
Carlyon, 2005; Cedolin and Delgutte, 2007). Clearly, the
stimuli used here and in other studies have neither repro-
duced these timing differences nor produced either an exact
“place-rate” match or stimulation of apical AN fibers. Hence
the present results should not be interpreted as meaning that
no stimulus manipulation can improve temporal processing
of high-rate electrical stimuli. It is also true that none of our
listeners fell into the “star” category who can reliably dis-
criminate rates higher than 500 pps (Hochmair-Desoyer
et al., 1983; Wilson et al., 1997b; Kong et al., 2009). It is
therefore possible that either our method of stimulation or
the neural status of our particular listeners imposed some
additional limitation on performance that masked any poten-
tial improvement in the peripheral neural code. This issue is
currently under active investigation in our laboratory (Mach-
erey and Carlyon, 2009). What is clear, however, is that for
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typical CI users, and in the absence of special types of stimu-
lation that are yet to be implemented, manipulations that we
would expect to substantially change the temporal pattern of
auditory nerve activity do not have a marked or consistent
effect on temporal pitch perception at high rates.
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'As discussed by Kong et al. (2009), this procedure has several strengths:
(i) unlike an adaptive procedure, it is possible to measure performance in
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present study, whose purpose was to study performance at rates that, in
some conditions, were expected to be close to chance.
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for the 60% level
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was supported by the results of a two-way repeated-measures ANOVA.
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and that different conditioner levels were used for the Cochlear and MedEl
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risk of obtaining a significant effect of conditioner by chance because we
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[F(4,20)=15.575; p<0.001], produced no effect of conditioner
[F(1,5)=2.96, n.s.] and no significant interaction [F(4,20)=1.86, n.s.].
“When all subjects were included, there was still no effect of profile and no
interaction, but the main effect of rate just failed to reach significance.
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