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Multi-rate sound processing strategies may potentially provide improved speech recognition and music
perception in cochlear implants, although it may be necessary to tune these strategies using psychophys-
ical data to provide maximum benefit to the user. To investigate the need for tuning, cochlear implant
users participated in several rate-based psychophysical experiments. Subjects performed single- and
two-rate pitch ranking tasks to investigate the influence of pulse rate on the overall pitch structure. The
introduction of a second rate resulted in frequent pitch reversals between closely spaced electrodes. In
addition to the multi-rate pitch structure, the duration necessary to perceive a rate change must also
be considered. Experiments were performed using ABA stimuli, where rate B was higher than rate A.
Subjects completed an embedded rate discrimination task in which the duration of B was fixed and its
rate varied adaptively for durations ranging from 20-200 ms. The rate of segment B was then fixed,
and its duration varied adaptively. Results imply that embedded rate difference limens may not be a
function of duration, and that the minimum duration required for detecting a change in pulse rate is
subject specific.

1 Introduction

While cochlear implant users are able to perform rea-
sonably well on speech recognition tasks in quiet con-
ditions, performance in noisy conditions is still signif-
icantly worse than that of normal hearing individuals.
Speech recognition in tonal languages and musical tasks
remain a challenge for implant users as well, and this
is thought to be due to poor spectral representations of
the subtle cues required for such tasks [1, 2]. A number
of researchers have proposed the use of multiple stimu-
lation rates in a speech processing strategy as a means
of incorporating some of the fine structure information
that is missing from current amplitude-modulation only
algorithms [3, 4, 5, 6, 7, 8].

Multi-rate strategies attempt to transmit fundamen-
tal frequency (F0), within-channel dominant frequency,
and fine timing information by using time-varying stim-
ulation rates. The relative independence of place and
rate in electric hearing [9] provides the opportunity to
transmit spectral cues not only as a function of place of
stimulation, as is typically done in commercial cochlear
implant speech processors, but by varying the pulse rate
at each location as well. Acoustic models of multi-rate
strategies have demonstrated the potential benefit of
this type of stimulation in noise [6, 7]; however, it is
important to first understand the influence that using
multiple stimulation rates will have on pitch perception.

Through the use of various psychophysical tasks, it
may be possible to gain a better understanding of the
rate pitch percept and what specific parameters must
be considered in a multi-rate strategy to account for the
effects of time-varying rate. Here, we will investigate
the impact that using two stimulation rates has on the
overall pitch structure, as well as examine the effects of
duration on the rate-pitch percept. Subjects completed
single and two-rate pitch ranking tasks, a short duration
pitch ranking task, isolated and embedded rate discrim-
ination tasks, and an embedded duration detection task.

2 Single-rate versus Two-rate Pitch

Ranking

The tonotopic ordering of the cochlea is well established
[10]; however, it is not clear what effect electrical stimu-
lation with rectangular biphasic pulses at multiple rates
may have on the well known place pitch structure. Pre-

vious studies have suggested that it may be possible to
induce pitch reversals by varying the stimulation rate on
multiple electrodes [11, 12]. Here, the pitch structure as
a function of rate and place is examined via a series of
pitch ranking tasks. Further details of this study can be
found in [13].

2.1 Subjects

Five subjects participated in the single and two-rate
pitch ranking tasks (S2, S4, S5, S6, S7). Demographic
information for these subjects can be found in Table 1.
All subjects were implanted with Cochlear Corporation’s
Nucleus CI24 cochlear implants at least two years prior
to this study. Monopolar 1+2 (MP1+2) mode of stim-
ulation was used for all subjects as this was also their
clinical mode of stimulation. All subjects were compen-
sated for their time except for Subject S7 who chose to
volunteer his time. This study and the compensation
exception made for Subject S7 were approved by the
Institutional Review Board at Duke University.

Subject Gender Age Duration of Mode of

ID Deafness (yrs) Stimulation

S2 F 71 20 MP1+2

S4 M 19 8 MP1+2

S5 F 58 28 MP1+2

S6 M 71 3 MP1+2

S7 M 53 <1 MP1+2

S8 M 55 17 MP2

Table 1: Demographic Information

2.2 Stimuli

All stimuli in this study were biphasic pulse trains with
25 µs pulse widths and an 8 µs interphase gap and were
presented via direct stimulation with the SPEAR3 re-
search sound processor [14]. In this pitch ranking task,
subjects heard two 300 ms pulse trains separated by a
500 ms interstimulus interval and were asked to select
the interval that contained the higher pitch. Two sets
of stimuli were used. The first set of stimuli consisted
of pulse trains presented at approximately 200 pulses
per second (pps) presented to all active electrodes. This
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set of stimuli provided the pitch structure as a func-
tion of place of stimulation alone and was similar to the
study done by [15]. The second set of stimuli included
300 ms pulse trains presented at approximately 200 and
400 pulses per second (pps) and were also presented to
all active electrodes. Given the large number of stimuli
in the second set (22 electrodes x 2 rates), this set was
broken down into three subsets of stimuli that contained
electrodes located in either the apical, middle, or basal
region of the cochlea. Both sets (single-rate and two-
rate) were presented seven to ten times for each subject,
and all stimuli were loudness balanced prior to testing
to avoid any loudness cues arising due to the difference
in stimulation rate or location.

2.3 Results

Pitch ranking data were evaluated with the row sum
analysis technique [16, 17], and results are plotted with
stimulus on the abscissa and percent wins on the ordi-
nate. Percent wins indicates the percentage of time that
any stimulus was chosen as higher than all other stimuli
in the set. In the cochlear convention, numbering begins
at the basal end of the cochlea and increases toward the
apical end. Representative results from Subject S2 are
plotted Figure 1. The single rate results indicate that
place pitch follows the tonotopic ordering of the cochlea,
and these results are in agreement with previous studies
[18, 19, 20]. Also in agreement with the rate pitch liter-
ature, 400 pps was consistently ranked higher than 200
pps on any given electrode for most subjects (e.g., [21]).
However, the two rate results imply that frequent over-
lapping pitch percepts occur when comparing a basal
electrode that was stimulated at approximately 200 pps
to its apical neighboring electrode that was stimulated
at approximately 400 pps. This phenomenon was seen
regardless of location along the cochlea.

Although the introduction of a second rate seems
to have little effect on the monotonic nature of place
pitch (i.e., 400 pps across electrode is still monotonically
decreasing from base to apex), the combined effects of
place and rate pitch result in a pitch structure that is no
longer a simple function of place on the cochlea. This
has implications for multi-rate cochlear implant speech
processing strategies that generally assume that no over-
lapping pitch percepts occur as a function of stimula-
tion rate, but rather that the tonotopic ordering of the
cochlea remains intact even under multi-rate stimula-
tion. Subjects S4 and S7 displayed similar rate-place
pitch structures to that of Subject S2; however, Sub-
jects S5 and S6 demonstrated a much less patterned
pitch structure as a function of both place, rate, and
a combination of the two. This variation between sub-
jects suggests that subject-specific tuning may provide
some benefit to implant users with respect to a multi-
rate strategy. Specifically, pitch ranking results similar
to those obtained in this study could be used to map the
output of a filterbank to the appropriate electrode-rate
combination required to maintain a monotonic pitch
percept.
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Figure 1: Single-rate and Two-rate pitch ranking
results from Subject S2 demonstrate the frequent

overlapping pitch percepts that occur when a second
rate is introduced.

3 Place Pitch as Function of Du-

ration

While the previous experiment demonstrates that place
and rate may interact differently than is often assumed,
that experiment, like other rate-based experiments, did
not include temporal constraints that are present when
using multiple rates in a sound processing strategy. Specif-
ically, changes in rate will occur instantaneously (i.e.,
without an interstimulus interval), and in multi-rate
strategies in general, rate is a time-varying parameter
where the duration between changes may be very short.
The following three experiments address the effects of
duration on both the place and rate pitch percept.

The first duration experiment examines place pitch
as a function of duration. A pitch ranking task was im-
plemented in which subjects compared all active elec-
trodes stimulated at 200 pps, and after comparing all
stimuli, the duration was then reduced to determine if
at some point the place pitch percept became unper-
ceivable.

3.1 Subjects

Subjects S2, S5, S7, and S8 participated in a the follow-
ing three psychophysical experiments, and demographic
information for these subjects can be found in Table 1.
All subjects were implanted with Cochlear Corporation’s
Nucleus CI24 cochlear implants at least two years prior
to this study. Monopolar (MP1+2 or MP2) mode of
stimulation was used for all subjects. All subjects were
compensated for their time except for Subject S7 who
chose to volunteer his time. This study and the com-
pensation exception made for Subject S7 were approved
by the Institutional Review Board at Duke University.

3.2 Stimuli

Subjects were presented two pulse trains on different
electrodes, both at a rate of 200 pps, and asked to se-
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lect the interval containing the higher pitch. The task
was repeated for durations of 10, 20, 50, 100, and 200
ms in decreasing order. All stimuli within the set, or all
active electrode pairs, were compared before reducing
the duration. Sets were repeated 3-7 times depending
on subject, and all durations were tested an equal num-
ber of times for any given subject. Stimuli were also
loudness balanced to account for loudness differences
between electrodes.

3.3 Results

Pitch ranking data was again analyzed using row sum
analysis. Electrode number is listed along the horizon-
tal axis, and the corresponding percent wins for each
stimulus is given along the vertical axis. Figure 2 con-
tains short duration pitch ranking results for all four
subjects that participated in this experiment. Duration
is indicated by line style, and these results indicate that
the ability to rank electrodes according to place is not
a function of duration for the given stimulation param-
eters.
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Figure 2: Short duration pitch ranking results indicate
that place pitch is not generally affected by duration.

4 Isolated Versus Embedded Rate

Discrimination

While the short duration pitch ranking results provide
information about place pitch as a function of duration,
the effects of duration on rate pitch are of even greater
interest when implementing a multi-rate strategy. This
experiment was designed to compare pulse rate differ-
ence limens (PRDL) in isolation (with an interstimulus
interval) to PRDLs for embedded rate changes presented
in an ABA pattern as discussed below.

4.1 Stimuli

This experiment is broken down into two separate tasks:
Isolated rate discrimination and embedded rate discrim-
ination. In both cases the base rate was fixed at 200 pps,
and subjects performed a two interval, forced choice,

adaptive procedure with flanking cues to determine the
PRDL with respect to 200 pps. The target rate was
always higher than the base rate and was typically ini-
tialized at 400 pps. The task was considered complete
after twelve reversals or sixty trials. For the first four
reversals a 1-up, 1-down rule was used, and a 1-up, 2-
down rule was applied for the final eight reversals. The
target rate was multiplied by a factor of 1.4 in the case
of an incorrect response and divided by 1.4 in the case
of a correct response or two correct responses after the
fourth reversal. Three electrodes were selected for each
subject to represent the basal, middle, and apical re-
gions of the cochlea. All stimuli were loudness balanced
at 200 and 400 pps, and loudness was also roved to pre-
vent the subject from relying on consistent loudness cues
that may arise as a function of pulse rate difference.

During the isolated rate discrimination task, sub-
jects were presented constant rate, 200 ms pulse trains
with a 500 ms interstimulus interval to a single electrode
and asked to select the interval containing the differ-
ent stimulus. During the embedded rate discrimination
task, subjects were also asked to identify the interval
that contained the different stimulus. In this part of
the experiment, the target stimulus was of the ABA
type, where A is the base rate (200 pps) and B is the
adaptive, target rate (> 200 pps). The three nontarget
stimuli (the reference interval and the two flanking in-
tervals) contained an AAA pattern of stimulation. The
total stimulus duration was fixed at 600 ms, and stim-
uli were presented with a 500 ms interstimulus interval.
The embedded rate discrimination task was repeated for
four durations of B: 20, 50, 100, and 200 ms, and each
DL measurement was repeated three to eight times.

4.2 Results

Isolated rate discrimination difference limens were first
calculated for all four subjects at each of the three lo-
cations measured. Average isolated PRDLs were less
than 200 pps (with respect to 200 pps) for all subjects
except for Subject S5 who demonstrated elevated DLs,
particularly at the apical end of her array. Embedded
PRDLs were then calculated and normalized by the av-
erage isolated difference limen at each location of the
cochlea. Combined isolated and embedded rate discrim-
ination results are shown in Figure 3. Duration is plot-
ted along the horizontal axis, and the mean of the nor-
malized PRDLs are plotted in log scale on the vertical
axis along with error bars indicating one standard er-
ror (

√

σ2/n). Each location on the cochlea is plotted
in a different subplot, and subjects are indicated by line
style. These results seem to imply that embedded pulse
rate difference limens are typically higher than isolated
PRDLs. This suggests that while subjects may be able
to discriminate closely spaced pulse rates when stimuli
are separated by an interstimulus interval, these same
stimulation rates may not be discriminable in a multi-
rate strategy where rates are switching instantaneously.
In general, embedded pulse rate difference limens do not
appear to be a function of duration.
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Figure 3: Normalized pulse rate difference limens show
that embedded PRDLs are generally higher than

isolated PRDLs.

5 Detection of an Embedded Rate

Change as a Function of Dura-

tion

Although embedded rate discrimination results suggest
that embedded PRDLs are not a function of duration
when the duration is fixed, it may also be informative to
investigate the response to a change in pulse rate while
making duration the variable in question. This may be
a more realistic model of the behavior of a multi-rate
strategy, as spectral changes will not typically occur at
predefined, fixed durations.

5.1 Stimuli

A two alternative, forced choice, adaptive procedure was
again implemented for three locations of the cochlea. All
stimuli had a total duration of 600 ms, and subjects were
asked to identify the different interval. In this case, ref-
erence intervals contained AAA stimuli, and the target
stimulus contained an ABA style stimulus. Here, the
rate of B was fixed at a discriminable rate (determined
from the previous experiment), and the duration of the
middle section of each stimulus (A in the reference inter-
vals and B in the target interval) was varied adaptively.
Each experiment ended when either twelve reversals or
sixty trials were reached. Adaptive durations followed
a 1-down, 1-up rule for the first four reversals and a 2-
down, 1-up rule for the final eight reversals. An incorrect
reversal resulted in the duration of the middle section
of the stimulus being multiplied by 1.4, and one or two
correct responses, depending on the number of previous

reversals, resulted in the duration of the middle section
of the stimulus being divided by 1.4. The maximum du-
ration of the middle section of the stimulus was limited
to 200 ms. Loudness balancing was performed for all
rates used in this task, and loudness was also roved to
account for any additional loudness cues that may have
arisen due to difference in pulse rate. Each minimum
detectable duration was measured four to eight times.

5.2 Results

Figure 4 contains the results from the embedded du-
ration detection task. Electrode position is indicated
along the horizontal axis, and the minimum duration
required to detect an embedded rate change is plotted
along the vertical axis. Mean results are plotted for each
subject as indicated by line style, and error bars indicate
one standard error (

√

σ2/n). A wide range of variabil-
ity can be seen both within and across subject. In some
cases these results do not agree with those seen in the
previous embedded PRDL experiment, as subjects who
were previously able to achieve reasonable pulse rate
discrimination at 20 ms are unable to achieve those du-
rations here.
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Figure 4: Minimum detectable duration results show
large variability both within and across subjects.

6 Conclusion

Pitch ranking results indicate that frequent pitch over-
laps occur when stimulating multiple electrodes at two
rates [13]. Subject specific pitch maps that preserve
a monotonic pitch structure may be beneficial to im-
plant users. Embedded rate discriminate DLs suggest
the relatively large changes in rate may be required for
detection in a multi-rate strategy, and embedded dura-
tion detection results may imply that in some cases, it
may not be possible to update rates often enough to
transmit phonemic changes and other rapidly varying
spectral cues to all subjects.

Together these results suggest that two main con-
clusions to be drawn from these psychophysical exper-
iments: 1) Previous assumptions about the rate pitch
percept as applied in multi-rate strategies may have
been invalid. 2) The large amount of variability be-
tween subjects suggests that subject-specific tuning may
be necessary for implant users to obtain maximum per-
formance benefits from multi-rate strategies.
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