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Previous research has shown that increases in the rate of stimulation on a single electrode yield
changes in pitch perception until the rate is increased beyond a given critical rate, after which
changes in rate are only perceived as changes in loudness. The critical rate beyond which a rate
increase no longer elicits a pitch change in most subjects is approximately 300 Hz, although a small
number of subjects have been observed to have critical rates up to approximately 1000 Hz. In this
article, we sought to determine if increasing the rate of stimulation beyond the criticdupate

12.8 kHz would eventually result in new changes of perceptiother than loudnessOur data
replicate the previously observed results that rates between approximately 300 and 1500 Hz are
indistinguishable from each other. However, we observed the finding that a rate of stimulation well
above the critical ratéstarting between 1500 Hz and 12.8 kHz, depending on electrode and $ubject
can elicit changes in perception. The perceptual differences between these high rates were
sometimes but not always labeled as pitch changes. This phenomenon needs further research to
assess its potential relevance to speech perception using high rates of stimulata@@50©
Acoustical Society of AmericaDOI: 10.1121/1.18306732
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I. INTRODUCTION than low rates, there is a rate of stimulation above which
additional rate increments do not affect performance. Wilson
Contemporary cochlear implants and speech-processing al. (2000 found similar results when he examined the
strategies are designed to provide electrical stimulation affect of rate on a six-channel CIS implementation with four
high pulse rates. By increasing the rate of _stimglation, Cert?‘i%ubjects. One subject showed significant improvement in
elements of a signal can be encoded with finer resomt'o'ﬂ)erformance with increasing rate only up to approximately
(such as amplitude or frequency modulajidbhas therefore 544 1iz/channel, while another showed improvements in per-
been assumed that higher rates of stimulation are inherem%rmance for rates up to approximately 3500 Hz/channel.
better. However, data examining the relationship between the Using the ACE strategjan n-of-m speech processing

pulse rate of speech-processing strategies and resumnsQrategy(Vandali et al, 2000] Holden et al. (2002 com-

speech perception performance yield conflicting results : .

. . : ared speech performance at various sound-pressure levels in
across subjects and experiments. The changes in perfor-, . , .

. . . subjects using either 720 Hz/channel or 1800 Hz/channel.

mance from high rates of stimulation could be caused by

changes of rate on electrodes individually. Alternatively,SlJbJectS performance was not significantly different for 720

higher rates may cause more interaction between electrodddz/channel and 1800 Hz/channel with CNC words, CNC
For example, refractory effects caused by stimulation on on@honemes, and CUNY sentences presented at 60 or 70dB.
electrode can affect the response to stimulation of nearbfioWwever, for CUNY sentences and CNC phonemes at 50 dB
electrodes. The experiments presented in this article investPPL. performance improved from 720 Hz/channel to 1800
gated the perceptual differences between single-electrodéZ/Cha”ne'- An examination of individual subjects’ data re-
stimuli using high rates. The hypothesis was that some subeals that some subjects performed better with the 720-Hz/
jects experience a change in percept at high rates on ind¢éhannel rate, while others performed better with the 1800-
vidual electrodes. If the hypothesis is confirmed, it mightHz/channel rate.
explain part of the variability of speech perception at differ-  Vandaliet al. (2000 reported contrary results. Using an
ent stimulation rates. n-of-m strategy(a prototype of the ACE strategythey com-
Loizou et al. (2000 studied speech perception perfor- pared speech comprehension at 65 dBA using speech proces-
mance using a six-channel CIS straté@yilson et al, 1991,  sor rates of 250, 807, and 1615 Hz/channel. Using a fixed
1993. They reported that average performance for word angumber of maxima of eightthe subset of channels selected
consonant recognition was better at 2100 Hz than at ratgs each stimulation cycle no differences in performance
below 800 Hz. However, of the six subjects tested, fourwere found between the 250-Hz/channel and 807-Hz/channel
reached peak performance at either 800 or 1400 Hz. Thes&nditions. However, significantly poorer performance was
results suggest that, although higher rates are generally bettgjyng for the 1615-Hz/channel condition. Although the paper
indicates that the poorer results for the 1615-Hz/channel con-
dElectronic mail: d.landsberger@proxy.medoto.unimelb.edu.au dition are mostly caused by one subject, the data do not
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support the hypothesis that higher rates of stimulation yieldeported discrimination of higher rates. Townshegidal.
improved performance. (1987 tested three subjects. One of these subjects had a rate
Other experiments have been performed that examineaturation point of approximately 175 Hz, while the other
speech perception performance as a function of rate of stimuwo could distinguish between rates of 1000 Hz and below.
lation. However, these experiments covaried other paramWilson et al. (2000 showed data from two subjects, one of
eters with rate of stimulation. For example, some experiwhom had a saturation point of 500 Hz while the other had a
ments reduced the number of channels as they increased thaturation point of 1000 Hz.
rate of stimulation per channel in order to maintain a total ~ While the exact value of the saturation point varies
rate of stimulation below the maximal rates of which theacross subjects and experiments, all of these experiments
implants are capable. Brilet al. (1997 examined speech show that there is a rate beyond which no perceptual differ-
performance with a CIS strategy, varying the number ofences are detectédther than loudness changeshe proce-
channels and rate per channel in order to maintain a fixedure for locating these saturation points involves measuring
overall rate of stimulation. For their three subjects, Brill the just-noticeable difference between a given rate and a
et al. found that the condition for optimal performance for a higher rate. If the just-noticeable difference becomes very
fixed overall stimulation rate varied across subjects. Theyarge or immeasurable, then the subject is declared to not be
concluded that “trading channels for higher stimulation rateable to distinguish that rate from rates above it. The assump-
can improve performance, at least for some patients.” Betion is often made that all rates above this saturation point
cause the rate of stimulation was not examined indepergre indistinguishable. However, it is possible that there is a
dently from the number of channels, it is difficult to draw range of rates beginning at the saturation point which are
conclusions about the effect of rate of stimulation alone.  perceptually indistinguishable from each other, but rates
Kiefer et al. (2001) compared speech comprehensionhigher than this range would be perceptually different from
performance within subjects for the three most commorf.he saturation rate. With the tendency to increase the per-
commercial speech processing strategies' SPB&{igman channel rate of stimulation to rates well above saturation
and McDermott, 1995: Skinneat al, 1994: Whitfordet al., points, it is important to know whether or not there actually
1995, ACE, and CIS. They found that performance was besfire perceptual differences at higher rates. Perceptual differ-
for all subjects using either ACE or CIS, which are both€nces at rates well above the saturation point could affect
strategies implementing high rates of stimulation. ThePerformance and perceptual quality of high rates of stimula-
SPEAK processing strategy which stimulates at rates belion on multichannel speech processors.
tween 200 and 300 Hz was not as good as the higher rate In the following studies, we examined the ability of im-
strategies. However, most of the subjects for whom CIS waplantees to discriminate different rates of stimulation on
the optimal strategy performed better at 1200 Hz than theyingle electrodes ranging between 100 Hz and 12.8 kHz. The
did at 1800 Hz. An analysis of the rate of stimulation in this Procedures were repeated for a basal, an apical, and a medial
experiment is confounded by the same trade-off Bill. e!ectrode fpr all subje(?ts. Experiments 1 and 2 investigate
(1997 encountered as the 1200-Hz map utilized 12 channelgiScrimination of rates in the ranges of 100 to 1500 Hz and
and the 1800-Hz condition utilized only six channels. It is 600 Hz to 12.8 kHz, respectively. The experiments investi-
therefore difficult to draw a strong conclusion from this ex- 9a&téd whether higher-rate stimuli could be ranked in order of
periment as to whether or not rate of stimulation as an indePitch.
pendent variable affects performance once the rate of stimu-
lation has exceeded the 250-Hz rate of the SPEAK strategy;, EXPERIMENT 1
The data examining different rates of stimulation for )
speech-processing strategies provided conflicting concluf Subjects and methods
sions regarding performance improvements with increasing  Seven users of the Nucleus CI24 implant participated in
rates of the processing strategies. Nevertheless, the trend hég study. All normally used an n-of-m stratedgither
been to increase the rate of processing strategies, with tt&®PEAK or ACB. Details of the etiology of deafness and
expectation that higher rates of stimulation are able to carrymplant use are presented in Table I.
more information. All stimuli were presented to subjects by means of a
The per-channel rates are increased with the assumptidBPEAR speech processt@iiearWorks Pty. Ltd., 2003that
that increased rates lead to increased information without sas controlled by a personal computer using custom-written
change in the perceptual quality. This assumption is based asoftware. Stimulation consisted of constant-rate biphasic
data suggesting that there is a rate saturation point on singfalses in monopolar modg@n which current flows from an
electrodes after which additional increments in rate do notlectrode implanted in the cochlea to two extracochlear re-
change the percept of the stimulus except for changes iturn electrodes, MP%2) on a single electrode for 500 ms.
loudness. The rate representing the saturation point variesll stimuli were presented with a phase duration of 26
across subjects and experiments. Several papers have sagd an interphase gap of 8. Stimuli varied only in which
gested that the saturation point is about 300 (Blamey electrode was used, the rate at which the stimulation oc-
et al, 1984; Shannon, 1983; Torg al, 1983; Zeng, 2002  curred on that electrode, and the current level needed to
Simmonset al. (1981 suggest the point is 350 Hz. Edding- maintain the required loudness. For each subject, three elec-
ton et al. (1978 found the rate saturation point to lie be- trodes were chosen to represent an apical, basal, and a medial
tween 70 and 400 Hz. However, a few experiments havelectrode. Electrode choices for each subject are listed in
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TABLE |. Subject details. The “electrode array” column refers to which Nucleus Cl24 device was used.
Straight refers to the CI24M and Contour refers to CI209).

Age when  Years of Rate per
profoundly  profound channel Electrode Electrodes
Subject deaf deafness Etiology Strategy (Hz) array used
AB 61 14 ME ACE 1800 Contour 6,13,20
infections
as a child.
BK 19 50 Unknown ACE 500 Contour 6,13,20
DC Unknown Unknown Noise ACE 900 Contour 6,13,20
exposure
Fz 58 10 Unknown ACE 1200 Straight 6,13,19
GB e 1 Noise exposure  SPEAK 250 Straight 6,13,20
IM 57 4 Meniere’s SPEAK 250 Contour 3,12,20
MM 34 5 Unknown ACE 900 Straight 5,13,19

Table I. Stimulation rates included the range from 100 tousing the test stimulus as the standard stimulus and the
1000 Hz in 100-Hz steps, as well as 1500 Hz. 600-Hz stimulus as the adjustable stimulus. These data were
used to calculate the current level of the loudness-balanced
test stimulus in the same way as used in the first loudness-

1. Loudness balancing balancing procedure

Maximum comfortable current level&C-levely were
measured for all stimuli using an ascending method of ad-
justment. Current levels were increased for each stimulug- Pulse rate discrimination
until they were just slightly too loud for comfort and then Pulse rate discrimination was assessed using a
reduced to the point where they were loud but comfortablei-interval, forced-choice task. In each trial, four stimuli were
again. presented on the same electrode; three stimuli were presented

For each electrode, all the stimuli were loudness balat one rate of stimulation while the fourth stimulus was pre-
anced to the C level of the 600-Hz stimulus. Two separatgented at another rate of stimulation. Each stimulus was
procedures were used for the loudness balancing. The firgeparated with a 500-ms ISI. The amplitude of each stimulus
procedurgused for subjects FZ, AB, GB, and JMonsisted was set randomly per presentation to be withi current
of repeatedly playing one stimulus followed by the otherlevels of the loudness balanced levels to minimize loudness
stimulus with a 500-ms interstimulus intervd$l). The sec-  cues. A current level step is about 0.18dB.*%2 current
ond (tesh stimulus to be presented was initially much quieterlevel jitter should be sufficient to minimize loudness cues, as
than the first stimulus so that it was easy for the subjects tan analysis of variability of our loudness balancing yielded a
differentiate between the two sounds. Subjects were in95% confidence interval of 0.78 current steps.
structed to adjust the loudness of the test stimulus using a  Subjects were instructed to identify which of the four
toggle switch until the loudness of the two stimuli was thesounds was different from the others in any way except loud-
same. They were encouraged to raise the loudness of theess. Subjects pressed a button on a response box corre-
second stimulus until it was slightly louder than the firstsponding to the interval with the different sound. The com-
stimulus, and then reduce the loudness until the levelputer recorded button presses. A block of trials consisted of
matched. This procedure was then repeated, adjusting thi10 trials on one electrode where all 11 rates of stimulation
current level of the other stimulus. The differences in currenivere compared to the other ten rates of stimulation. Each
levels between the two balanced stimuli were averaged tplock was repeated five times for each of three electrodes.
calculate the current level of the test stimulus that matchedhus, there were ten comparisons for each rate (fiai in
the loudness of the 600-Hz stimulus. each order

Some subject$MM, BK, and DC) had difficulty with
the previous loudness-balancing procedure. For these suB— Results
jects, the loudness balancing procedure was an adaptive
2-interval, forced-choice task. In this procedure, the refer- To analyze the data, we looked at the percentage of
ence and test stimuli were presented once with a 500-ms 13imes a subject was able to correctly identify which stimulus
between them. After hearing the two sounds, subjectsvas different for each stimulus pair. The ability to detect a
pressed a button on a response box corresponding to whidhfference was declared to be significant if the subject was
of the two stimuli was louder. The loudness of the test stimu-able to distinguish between two stimuli 60% or more of the
lus was adjusted up or down for the next trial based ortime. With a chance level of 0.25, the probability of getting
whether the subject considered the test stimulus softer 0% or more correct by chance is less than 0.02. Many com-
louder than the reference stimulus. After ten reversals hagarisons are made in this experiment, which increase the
been made, the last six reversals were averaged to calculatbances of type | errors. With=0.02, we expect 1 in 50
the current level for the test stimulus that matched the loudindistinguishable differences to be found to be significantly
ness of the 600-Hz stimulus. The procedure was repeatetifferent. This is acceptable because this rate of type | errors
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FIG. 1. Data for subject AB in experiment 1. Theaxis represents the lower rate of the two compared rates ang dles represents the higher rate. The
percentage of time the subject was able to identify the correct answer is labeled in the corresponding square. Chance performance is 25%. Significant
differences <<0.02) are shown in bold. The figure on the left represents the data for subject AB on his medial el@téttdede 18 On electrode 13, AB

is able to identify rates of 100 and 200 Hz as being different from higher rates. Performance is also good at detecting the difference between 3§i@eiriz and h
rates. These results are typical of what was found on all subjects and all electrodes except for electrode 20 for subject AB. Data for subjectr@Beon elect

20 are represented on the right, which shows that subject AB was able to detect well above chance the difference between 1500 Hz and most lower rates.

would not alter the pattern of results. It is the pattern ofas well, but not quite as often as in the 100-Hz case. Four-
results that is investigated by this experiment, and not théundred-Hz stimuli were not consistently identified as differ-
results of any given rate-pair comparison. ent than higher rates.

With one exceptior(subject AB, electrode 20Qthe re- The total number of times a subject correctly identified
sults for all subjects and electrodes were similar. Figure the different stimulus for each electrode for experiment 1
shows data for subject AB on electrode 13 on the left andvas correlated with the stimulation rate of the subject’s clini-
electrode 20 on the right. The data show that on electrode 18al speech processor and no relationship was foumd (
for subject AB, 100 and 200 Hz are differentiable from each=0.789).
other, as well as all higher rates with scores of more than
80% correct. Subject AB also performed well on compari-lll. EXPERIMENT 2
sons between 300 Hz and higher rates of stimulation with al
average score of 71.25% correct. However, rates of 400 H
and above did not seem to be systematically different from  Six of the seven subjects used in experiment 1 partici-
each other. These results are consistent with previous fingated in experiment 2. Subject MM was unable to participate
ings that have suggested that rate of stimulation up to aph this experiment.
proximately 300 Hz creates a change in pitch and that at Experiment 2 consisted of a higher-rate replication of
rates higher than 300 Hz, there are no perceptual differencdbe previous experiment. The stimuli were steady rate pulse
other than loudnesgBlamey et al, 1984; Shannon, 1983; trains presented on a single electrode at 600, 900, 1800,
Simmonset al,, 1981; Tonget al, 1983; Zeng, 2002 2400, 3600, 7200 Hz, and 12.8 kHz. Each stimulus was pre-

For subject AB on electrode 20, rates between 100 angented for a 500-ms duration. All other stimulus parameters
300 Hz were easily differentiated from each other and higher
rates. Rates between 400 and 1000 Hz were not easily dif- 1500F 20 | 18 | 15

%\. Subjects and methods

8 8 3 5 5 4 2
ferentiated. However, 1500-Hz stimuli were found to be dif- 1000F20 |10 | 11 ] 6 | 2| 1] 1] 41]|a
ferent from lower rates 7 out of 10 times. Subject AB cor- § 900 [20 | 18112 6| 5| 3| 3| 1
rectly identified the different stimulus 41 out of 70 times S 800f10]17]1ale]a]s]o0
(p<0.0001 with chance at 25pvhen 1500-Hz stimuli were § 700 f20 |18 | 12| 4| 1] 2
compared to rates between 400 and 1000 Hz on electrode 20. 5 60020 16|10 a2

No differences were observed between the apical, me- 5500 [20 17| 6 | 2
dial, and basal electrodes and all subjects showed similar T 400 [ 19 | 13 | 7
patterns. We therefore collapsed the data across all subjects 300 | 20 | 12
and electrodes to create Fig. 2. The values in each cell of Fig. 200fw0|
2 represent the number of times the rate pair was discrimi- 100 200 300 400 500 600 700 800 9001000
nated with 60% accuracyp&0.02). There are 21 data Lower Rate (Hz)

points (7 subjects 3 electrodes) represented in each cell. .

. N . . . FIG. 2. Summary data collapsed across all subjects and electrodes for ex-
With «=0.02, if subjects were unable tQ detect any differ- periment 1. The values in each cell represent the number of times that the
ences, we would expect a type | error in fewer than everyate pair has been discriminated significar(®@% or bettex. There are 21
other cell. A type | error would manifest itself as an incre- data points (7 subjects3 electrodes) represented in each cell. The figure
ment of 1 in a cell. Figure 2 shows that 100-Hz stimuli Werelegends are_the same as in Fig. 1. One—hundred— and _200—Hz stimuli are

. . - . . detectably different from each other, and all higher rates in almost all cases.
consistently identified as different than higher rates. TWO-pree-hundred-Hz stimuli show a weaker, but similar pattern. Rates between

hundred-Hz stimuli were identified as different consistently400 and 1500 Hz are not reliably detected as different from each other.
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remained the same from the previous experiment. Loudnesstood the difference between high and low pitctrasst sub-

was balanced to C levels at 600 Hz for each subject using thiects seemed comfortable with the concept before we ad-
same procedure used for that subject in the previous experitressed the issliiewe began the experiment.

ment. The ISI was increased to 1000 ms because of technical The stimuli that were used in this experiment were the
limitations in our software. In each block of trials all seven same set of stimuli used in experiment 2. Stimuli were pre-
stimuli were paired with the remaining six stimuli. This pro- sented at the same loudnesses used in experiment 2 with a
cedure was repeated five times for each of the three elect2 current level jitter. In each trial, two different stimuli

trodes, yielding ten comparisons per rate pair. were presented on the same electrode. The two stimuli were
presented with a 1000-ms ISI. Subjects were asked to press
B. Results one of two buttons on a button box corresponding to the

. I interval containing the higher-pitched stimulus. Each block
Because different patterns are present with different sub-_ . . . .
. ) . of trials compared every stimulus with every other stimulus
jects and different electrodes, the data for each subject are ; o
S ) .~ _on the same electrode twice for a total of 42 trials in a block.
presented in Fig. 3. While the results vary, all subjectsE : .
T ; : ach trial block was repeated 5 times for each of 3 electrodes
showed that they could distinguish some high-rate sﬂmulk . : )
. : L otaling 630 trials. Each rate was compared with each other
that are well above their measured saturation points in ex- . ; : .
) .“rate a total of 10 times during the 630 trials. An extra trial
periment 1. Data from one of the best performers, SUb]e%lock Was run on subiect DC’s apical electrode
DC, are on the top row of Fig. 3. Subject DC could generally ) P '
distinguish rates below 900 Hz from rates above 3600 Hz Ol bosults
all three electrodes. Additionally, subject DC could distin-
guish many other rates on each electrode. The poorest per- To analyze the data, we calculated how often each sub-
former’s data are on the bottom row of Fig. 3. This subjectject rated the higher-rate stimulus as having the higher pitch.
(FZ) was unable to differentiate any of the rates between 600f no pitch difference was detected, then expected perfor-
and 7200 Hz on any of his electrodes. He was only able tenance would be at chance lev@0%). Scores significantly
distinguish 600 and 900 Hz from 12.8 kHz on the medialabove chance indicate that higher rates are perceived as hav-
electrode and 12.8 kHz from 600, 900, 2400, 3600, and 720g higher pitches, and scores significantly below chance in-
Hz on the basal electrode. On the apical electrode, no soundkcate a pitch reversalthat higher rates are perceived as
were differentiated. having a lower pitch. For our first analysis, all pairs of
The total number of times a subject correctly identifiedstimuli were analyzed, regardless of whether or not a given
the different stimulus for each electrode for experiment 2pair of stimuli was found to be perceptually different for a
was correlated with the stimulation rate of the subject’s clini-given subject in the previous experiment. In examining our
cal speech processor, and no relationship was foymd (data, we found higher rates generating higher pitches, higher
=0.765). A significant relationship was found between therates generating lower pitches, and higher rates producing no
total number of times a subject correctly identified the dif-pitch changes. Sometimes we found all three patterns in the

ferent stimulus on each electrode between experiment 1 arghme subject as was the case for subject DC. Subject DC’s

2 (p=0.021). data is summarized in Fig. 4.
A strong relationship for higher rates yielding a percep-
IV. EXPERIMENT 3 tion of a higher pitch was observed for subject DC’s basal

and medial electrodes. Subject DC identified the higher rate
stimulation as having the higher pitch 89.05% of the time for

The third experiment was a qualitative exploration of thethe basal electrode and 86.19% of the time for the medial
differences between the perceptions of the various high-ratelectrode. On the basal electrode, subject DC identified the
single-electrode stimuli. We explored whether or not the dif-higher rate of stimulation as having the higher pitch 100% of
ferences in percept could be attributed to pitch, similar to thehe time for 12 out of the 21 compared pairs of stimuli. Most
changes in percept found from a change in rates at lovef the other rate comparisons on this electrode yielded higher
stimulation rates. pitch percepts for higher rate stimulation well above the

Five of the six subjects used in experiment 2 participatecchance level. Subject DC’s results for the medial electrode
in experiment 3. Subject FZ was excluded from this studyshowed similar patterns. For all pairs of stimuli for which
because he did not show any consistent ability to detect difthere was at least one stimulus with a rate in between the
ferences between the various high-rate stimuli in experimerntwo, subject DC identified the higher rate as having the
2. higher pitch at least 90% of the time.

Before performing the experiment, we asked all subjects  However, this pattern was not found across all subjects
if they understood the concept of pitch. To help explain theand electrodes. The relationship between rate and pitch ob-
concept of a pitch difference we presented subjects with aerved for subject DC’s basal and medial electrodes was not
100- and a 600-Hz stimulus on the same electrode, and eypresent for his apical electrode. When rates between 600 and
plained that the 600-Hz stimulus had a higher pitch. We alsd800 Hz were compared with each other or higher rates,
explained that the difference between a man and womansither stimulus was approximately equally likely to be rated
speaking voice was usually a difference in pitch, and that as having a higher pitch. However, for rates above 2400 Hz,
woman'’s voice is usually higher in pitch than a man’s voice.subject DC perceived higher rate stimulation as having a
Once we were comfortable that the subject properly underower pitch on this electrode.

A. Subjects and methods

J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005 D. M. Landsberger and C. M. McKay: Rate differences on single electrodes 323



Apical Medial Basal

12800100 | 90 (100| 90 | 80 | 50 | 90 | 100 (100 |100| 70 | 20 [ 90 | 60 | 80 | 50 | 50 | 70
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U 3600 100|100 50 | 40 90 | 100| 50 | 70 70 | 60 | 40 | 40
a 2400 [100| 40 | 10 30 | 50 | 40 90 | 40 | 30
1800 | 60 | 70 30 | 20 90 | 40
900 | 30 40 70
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7200 (100|100 | 60 | 10 | 30 80 | 90 | 40 | 20 | 10 50 | 20 | 40 | 40 | 10
5% 3600 [100| 100 | 60 | 50 80 | 60 | 30 | 20 70 | 70 | 20 | 20
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1800 100 | 80 60 | 50 70 | 60
900 | 40 40 80
12800} 90 |100| 50 [ 30 | 30 | 20 1100|100| 80 | 40 | 40 | 20 1100|100 | 80 | 60 | 100| 20
% 7200 100 90 | 30 | 50 | 20 100 (100 50 | 50 | 40 100 (100 70 | 70 | 50
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1800 | 80 | s0 80 | 70 60 | 60
900 | 10 10 30
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7200 [ 80 | 50 | 40 | 50 | 70 70 | 40 | 60 | 30 | 30 60 | 60 | 50 | 40 | 60
M 3600 [ 90 | 40 | 50 | 40 40 | 40 | 20 | 60 40 | 30 | 10 | 30
= 2400 [ 90 | 70 | 30 50 | 40 | 30 30 | 50 | 40
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12800 30 [ 30 | 40 | 30 | 20 | 20 160 | 80 | 50 | 40 | 40 | 50 1 80 | 60 | 50 | 70 | 80 | 70
7200 [ 30 | 40 | 10 | 20 | 10 40 | 20 | 30 | 10 | 20 20 | 20 | 30 | 30 | 30
N 3600 [ 10 | 40 | 30 | 20 50 | o | 20 | 20 20 | 10 | 10 | 40
a 2400 [ 30 | 40 | 30 30 | 20 | 10 20 | 40 | 40
1800 [ 20 | 30 30 | 50 10 | 20
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600 900 1800 2400 3600 7200 600 900 1800 2400 3600 7200 600 900 1800 2400 3600 7200
Lower Rate

FIG. 3. Data for all six subjects and all three electrodes. The three columns of data represent the basal, medial, and apical electrodes, Téspsntively
rows of data represent the six subjects in the experiment. The values in each of the cells indicate the percentage of comparisons where the ldlebject was a
to correctly identify the different stimulus. Significant differenc@s<(0.02) are shown in bold.

While each electrode for each subject showed one ofummary of these data is presented in Fig. 5. Figure 5 con-
three patternghigher rate yields higher pitch, higher rate sists of a series of box plots for all three electrodes for each
yields lower pitch, rate changes do not affect pifcthere  subject. Data points were only included in the box plots if,
were no consistent patterns across electrodes or subjects.fér the same comparison by the same subject, they were
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FIG. 4. Experiment 3 data for subject DC. The figures from left to right represent results for subject DC’s basal, medial, and apical electroiilesyrespec
The values in each cell represent the percentage of times the higher rate stimulus was rated as having the higher pitch. There are 10 compafisons per cel
the basal and medial electrodes and 12 comparisons for the apical electrode. Values that are significantly different fragDébaocer=0.05 are shown

in bold. For subject DC’s basal and medial electrodes, the pattern of higher rate stimulation yielding a higher-pitch is very strong. For sulijasalDC’s
electrode, when rates between 2400 Hz and 12.8 kHz are compared, higher rates yield lower pitches. For other comparisons on DC'’s basal egssdrode, chan
in rate do not seem to yield a change in pitch.

detected as being different at least 60% of the time in experiV. DISCUSSION

ment 2. Except for one point, subject AB consistently rated

the higher rate stimulus as having the higher pitch across all Results for the first experiment are consistent with re-
three electrodes. Subject JM found higher rate to yield lowesults found in many other experimeriBlameyet al, 1984,
pitch on his basal electrode and no pitch differences on hiShannon, 1983; Simmonst al, 1981; Tonget al, 1983;
other electrodes. Subject BK reported higher rate stimulatioZeng, 2002 Stimulation on single electrodes for rates up to
as having a higher pitch on her basal electrode. On the other saturation poinfapproximately 300 Hz were found to
two electrodes any pitch differences appear to be a pitclproduce a perceptual change. All rates above the saturation
reversal. From these data, the conclusion can be drawn thpbint were perceptually indistinguishable when loudness was
there are indeed pitch differences for changes in high-ratbalanced. Unlike the findings of Townsheeidal. (1987 and
stimulation for some subjects and some electrodes. HoweveYyilson et al. (2000, none of the subjects was able to distin-
stimuli that are rated as different in experiment 2 are nofguish rates between 400—-1000 Hz. With the exception of
always perceived as having a different pitch. Thereforeglectrode 20 for subject AB, the 1500-Hz stimulus was not
some of the detectable differences between rates of stimulg@erceptually different from rates between 500 and 1000 Hz.

tion must not be in the pitch dimension. These results suggest that either there are no perceptual dif-
ferences above approximately 300 Hz or that perceptual
100 ° changes at high rates generally begin above 1500 Hz.

Experiment 2 provides evidence that there are indeed
perceptual changes at high rates above 1500 Hz. Previous
experiments had not reported differences at high rates on

90 A

80 A

701 S . D single electrodes because the highest rates of stimulation ex-
60 . amined were not generally over 1000 Hz. However, the re-
50 | . sults for experiment 2 show that all subjects are able to de-

tect some differenceother than loudnegsat rates higher
than 1000 Hz. While the high rate required to produce these
changes varies across subjects and electrodes, for all subjects
except FZ there exists some rate above which changes occur.
No relationship was found between rate discrimination per-
formance and the stimulation rate used in the subjects’ clini-
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Ly B W Ly Sy o kb oy bl The data from experiment 3 suggest that some of the
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© T T T AT T 0 mmo T oo detected changes in experiment 2 were pitch changes. How-
2 2R2-R82RxV¢L S
< = = 8] mXYX X mmam ever, other detected changes must have been along another
22“_’%‘398 mmooo

perceptual dimension, as they were reliably reported as dif-
Subject / Electrode ferent but not as higher or lower in pitch. When asked to
FIG. 5. Boxplot summary data for experiment 3. Each box plot representsdescr!be the dlﬁ?renc.es that.they heard’. some stimuli were
the distribution of the data points representing how often the higher—raté:iescrlbed as be'ng.d'ﬁer?nt n pltch, while others were re-
stimulus is labeled as having the higher pitch for each electrode and subjedported as changes in clarity or consistency of the sound. No
Data points were only included if for the same rate comparison on the samgdaptation was reported as there was no evidence of stimuli

electrode, the subject was able to correctly identify the different stimulu : : _ . _
60% or more of the time. The labels on tKeaxis contain the subject’s ID, Sbecomlng quieter. However, the 12.8-kHz stimulus was oc

electrode number, and the number of data points in the corresponding bdxasionally desqribed as fading in and out. One SUW
plot. was able to pick out the 12.8 kHz and occasionally the
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