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ABSTRACT

Temporal models of pitch perception postulate fi@h depends on auditory nerve inter-spike intistv@uch mod-
els were assessed with cochlear implant recipiantimulating via a single electrode with two @hist pulse timing
patterns. Pitch-ranking results using on-off mothdapulse trains were not consistent with a publisfauto-
correlation model, but were consistent with anralitve model that analyses first-order inter-spikervals. Place
of stimulation cues were investigated by choosifiged pulse rate, high enough to avoid temporalsc{i800 pps),
and then varying the electrodes that were activa@dh-ranking results suggested that when a gasupeighbour-
ing electrodes was activated, the percept dependeithe centroid of the stimulation pattern. Thissiilar to a
model of brightness (timbre) perception in normahting. Cochlear implant recipients performed a ohelsercep-
tion test with melodies presented by (i) varying ttulse rate on a single electrode (temporal cagg,cand (ii)

varying the centroid of the stimulation patternag@ cues only). Scores were worse than those ofialdrearing
subjects listening to tones containing only resdllkarmonics, but similar to those obtained withegntved harmon-
ics. Such tones contain only temporal cues to m@tuth evoke a weak pitch sensation. Given the dilssities in the

neural firing patterns, it is surprising that places alone and temporal cues alone can each praosiful informa-

tion about melodic pitch.

INTRODUCTION

Researchers are often forced to resort to esotenostc
stimuli to probe the finer nuances of pitch peraaptn nor-
mal hearing. Cochlear implants offer an alternatesearch
tool, where place and temporal cues to pitch camamipu-
lated completely independently, allowing pitch @grigon
models to be tested in ways that are not possittlervarmal
acoustic hearing.

TEMPORAL PITCH

Modern temporal models for pitch perception in nalrirear-
ing propose that pitch is dependent on auditoryenénter-
spike intervals [1]. In one type of temporal modstch de-
pends on the intervals between each nerve spikecaan/
other spike (i.e., all-order intervals), which guévalent to an
autocorrelation of the spike train [2],[3]. Howeyesome
psychophysical results are inconsistent with thi@rrela-
tion model, and an alternative model has been eghdhat
utilizes the intervals between successive spikdy; are.,
first-order intervals [4],[5].

These models were assessed with cochlear impleipients
by stimulating the auditory nerve electrically \éasingle
apical electrode with two distinct patterns of gulgning, as
shown in Figure 1. The Single Pulse per Period [SieP
guence was a pulse train with a constant pulse Ta& Mul-
tiple Pulse per Period (MPP) sequence was an omoffu-
lated pulse train. These stimuli were used in eadiudies

[61.[7]

ICA 2010

sep | LT
we LT DT I

0 5 10 15 20 25
Time (ms)

Figure 1. Single Pulse per Period (SPP) and Multiple Pulse

per Period (MPP) sequences, both with a repetitEguency

of 178 Hz (a period of 5.63 ms). Each pulse isespnted by
a vertical line. The MPP sequence has a pulsewigétie
each burst of 1776 Hz, and an inter-burst gap38 #&s.

Method

Seven Nucleus 24 cochlear implant recipients ppdied in
an experiment that aimed to identify a SPP sequénae
matched the pitch of a MPP sequence. In each tiialrefer-

ence stimulus was a fixed 178 Hz MPP sequence laad t

comparison stimulus was an SPP sequence, with patisén

the range 125 to 400 pps. Each stimulus was 500 ure-

tion. The subject was asked whether the pitch ef $fPP
sequence was higher or lower than that of the MRRRence.
After several blocks of trials, the set of SPP frengies was
manually adjusted for each subject to straddleaigarent
50% point of the psychometric function (i.e., whete

pitches matched).
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Results

The SPP sequence that would theoretically best hmite
pitch of the 178 Hz MPP sequence was found bynfjtta
psychometric function to the experimental data, medting
the 50% intercept. Figure 2 shows that, for eaddjest, the
pitch-matched SPP sequence had a period (i.er-potee
interval) that was between the period and the ibtest gap
of the MPP sequence. When the periods were edquaSPP
sequence generally had a lower pitch than the MigBece.

These results are consistent with the results ob&sClark
[7], who found that numerical pitch estimates foP® se-
quences (with frequencies in the range 71 to 25pwére
either significantly higher than or equal to thdse corre-
sponding SPP sequences in six Nucleus 22 recipi€h&se
were no cases where a SPP sequence had a higtrethain
the MPP sequence with equal period.
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Figure 2. Period of the SPP sequence that matched the pitch
of the 178 Hz MPP sequence for seven cochlear imhpéa
cipients. The group mean is shown with error badécating
the standard deviation. The dashed horizontal iimdisate

the period and the inter-burst gap of the MPP secpie

Applying temporal pitch models

The neural responses to the SPP and MPP sequeeces w
simulated following the method of Bruce et al [8heTloss of
inner hair cells results in negligible levels ofosaneous
activity in the auditory nerve, so that spikes onbcur in
response to stimulation pulses. The probabilityaoherve
firing in response to thaeth pulse within a train of pulses is
modelled by:

p(n) = CD( I'stim — rgﬁ Ithres.hj (1)

wherelg;m is the stimulus currenty,eshis the threshold cur-
rent for a single isolated pulse (at which thenfirprobability
is 50%),r(n) is a refractory functiong is the standard devia-
tion of the threshold noise, ambl is the cumulative normal
distribution. The refractory functior(n) represents a thresh-
old shift, and depends on the time since the lpiites It is
infinite during the absolute refractory time (apxmately 1
ms), and falls exponentially to one during the treéarefrac-
tory period.
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For a SPP sequence, all inter-spike intervals artiptes of
the pulse period, and both the autocorrelation thedfirst-
order interval model predict a pitch equal to thése rate.

For a MPP sequence, if the inter-burst gap is lEemgugh for
the nerves to fully recover, then the compound alete-
sponse to each burst of pulses will be similar.therl78 Hz
MPP sequence, the inter-burst gap was 3.38 ms. Wkeas
ments in Nucleus 24 cochlear implant recipientagisieural
response telemetry (NRT) indicate that the elealisie
evoked compound action potential has typically veced to
80% of its amplitude by this time [9], so the fifstilse in
each burst will have a relatively high probabilitycausing a
spike. The simulated response to the MPP sequerst®ivn
in Figure 3. The compound response for a populaifdt000
fibres is shown in Figure 3c. Following Cariani dbelgutte
[2], the autocorrelation of each individual fibresponse was
calculated, and then summed across the populafiibres
(Figure 4). The summed autocorrelation has a peaken
fundamental period (5.63 ms), and therefore thislehpre-
dicts a pitch equal to the fundamental frequendye $ame
result is obtained if the autocorrelation of thenpound re-
sponse is taken. This is not consistent with theeamental
results. For the MPP sequence, the pulse ratennitig burst
of 1776 pulses per second (inter-pulse interveb@s us) is
too high for any single neuron to fire on everysgu(Figure
3b), and therefore the first-order interval statstwill de-
pend on refractory effects. The distribution ofsfiorder
intervals will be broader than the SPP case, amitago
shorter intervals. For example, a nerve may fireonly the
first pulse in two successive bursts, giving areiirgpike
interval equal to the fundamental period. Altervally, a
nerve may fire on the last pulse in one burst drel first
pulse in the next burst, giving an inter-spike & equal to
the inter-burst gap. Thus the first-order intervabdel is
consistent with the results in Figure ®here all subjects
matched the pitch of the MPP sequence to that®®PR se-
quence with an interval between the fundamentabgeand
the inter-burst gap. The across-subject variatiay ime due
partly to differing neural refractoriness; e.g.bget S05
matched to the fundamental period, perhaps implfiady his
nerve fibres only fired once for each burst.
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Figure 3. Simulated response to 178 Hz MPP sequence. (a)

Stimulation pulses. (b) Responses of 20 individilaés,

with the spikes for each fibre shown as a horizaota of

dots. (c) Spike probability, calculated from thegense of
1000 fibres.
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Figure 4. Autocorrelation of individual neural firing times
summed across a population of 1000 fibres, fod#tgeHz
MPP sequence.

PLACE PITCH

Early psychophysical studies with multiple-chanocethlear
implants showed that the percepts produced by kting
individual electrodes could be ranked in a gengtalhotopic
order, corresponding to the location of the intcddear elec-
trodes. Apical electrodes have lower place-pitcantivasal
electrodes. Having 22 electrodes could imply thaty @22
distinct place-pitch sensations can be producedyeker,
intermediate place-pitch percepts can be creategehyen-
tial stimulation of adjacent channels [10],[11].

A quantitative model of cochlear implant place-pifgercep-
tion [12] proposes that the place pitch of a stiumsubn a
group of electrodes is determined by the centeofdr “cen-
tre of gravity") of the stimulation pattern, calatéd as:

ZKa(k)
c=_kK

Za(k) @)

k

wherek is the electrode number, aa¢k) is the amplitude of
stimulation on that electrode. The ability to distnate be-
tween two stimuli on the basis of place pitch shodeépend
on the distance between the two centroids; i.e.snsitivity
indexd' for a pitch-ranking task using place-pitch cuemal
can be modelled by:

d' =mc 3)

wherec' denotes the difference between the centroids ef th
two stimuli, andm is a constant for each subject characteris-

ing their usage of the place-pitch cue. Thus thrapgition-

correct scorg should be related to the centroid difference as:

pz¢[’%’} @

where® is the cumulative normal distribution.
Method

Six Nucleus 24 cochlear implant recipients partitgal in
this experiment. A set of pure tones was constdjcipan-
ning a two-octave range from 99 to 397 Hz. Eacle teas
500 ms in duration, and was turned on and off eBithms
raised-cosine ramps to minimise transients in ther fout-
puts. In each trial, a subject heard a pair of sothat had a
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frequency interval of two, four, or six semitones\d was
asked whether the pitch was rising or falling.

All subjects used the ACE sound-coding strategh waipulse
rate of 1800 pps. A pure tone can produce stimardatn
multiple electrodes, due to the broad, overlapgierquency
responses of the filters (Figure 5). In a trial vehéhe two
tones have a large frequency interval, a diffessttof elec-
trodes will be activated, providing a strong plgiteh cue.
For small intervals, the ratios of the currents amjacent
electrodes may provide a finer place-pitch cue. 3timula-
tion had no temporal modulation because quadraoxe-
lope detection was used [13].

In calculating Equation 2, Laneau et al. [12] useel filter
envelope amplitudes, but this fails to take intccamt the
mapping from amplitude to stimulus current. In gwund
processor, non-linear compression is applied, aydaapli-
tude values that are below a base-level are diedaf€igure
5 (top panel) shows the compressed amplitude respoh
the first four filters of the ACE strategy. The towh panel
shows the centroid of the compressed amplitudesh Etep
corresponds to the activation of an additional tebete. Ac-
cording to this model, the change in pitch wheradditional
electrode is activated is large compared to theghan pitch
as the current varies within a group of electrodes.

In analysing the experimental data, the currerglieen each
electrode were determined, and a perceptual mddelud-

ness [14] was applied to calculate the loudnes§ilgrand

hence the loudness centroid of the stimulationepatpro-
duced by each pure tone. The loudness centroiereifte for
each pair of tones was then calculated.

Amplitude

0 I I I I
99 125 157 198 250 315 397 500 630 794

Centroid

1 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ il
99 125 157 198 250 315 397 500 630 794
Frequency (H2)

Figure 5. Top panel: Amplitude response of the first four
filters of the ACE processing strategy, after nioedr com-
pression. Bottom panel: centroid of the resultitignslation
pattern for a pure tone as a function of tone feaqy. The

centroid varies from the first to the third electeo

Results

Two subjects scored at chance levels even witlsairitone
intervals, so their data were excluded from furthealysis.
Results for the remaining four subjects are showRigure 6.
Each percent correct score for a pair of tones ldtaul
against the calculated loudness centroid differefocethat
pair of tones. The scatter plot demonstrates thatdata are
approximated very well by a psychometric functiaad-
ing to Equation 4. Figure 7 shows the scores fojex S02
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as a function of tone frequency. The most strikieature is
the non-monotonic dependence of the scores on drexyuy
which is well-predicted by the model. Higher scoresre
obtained when the two tones stimulated a differsestt of
electrodes; i.e., straddled a step in the cenprmfile (Figure
5).
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Figure 6. Scatter plot showing the pure-tone pitch ranking

scores of four cochlear implant recipients agaimstioud-

ness centroid difference. The black curves shovpsiyeho-
metric function that best fits each subject’s data.
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Figure 7. Pitch ranking pure tones with ACE for subject S02
percent correct score (thick line) and loudnessroehmodel
prediction (thin line). Each panel shows the resfdt one
frequency interval (2, 4, and 6 semitones). Eacheue cor-
rect score is positioned on the abscissa midwaydsst the
frequencies of the two tones that were ranked.
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Discussion

Timbre is the perceptual quality that distinguistesween
two tones that have the same pitch, loudness anatici
[15],[1]. The “brightness” of a harmonic tone degsron the
centroid of the spectral profile [16],[15]. Thisusry similar
to the centroid model of cochlear implant placechpit
McDermott [17] and Moore and Carlyon [18] specutitieat
cochlear implant place-pitch could be more akibrightness
than to pitch. As brightness can also be ordered tmw-to-
high scale, it would allow high scores in a pitelmking pro-
cedure.

An operational definition of pitch is that variat® in pitch
can convey a melody. To differentiate between lnigbs
and pitch, a test that uses melody perceptiorgigired.

MELODY PERCEPTION
Method

The Modified Melodies test measures pitch perceptio a
melodic context [13]. In each trial, the openinggse of a
familiar melody (Old MacDonald or Twinkle Twinkleittle

Star) was presented twice. In one of the presemtstiran-
domly selected, the pitch was deliberately modifidthe
rhythm was unchanged. The subject was asked totgéle
un-modified melody (a two-alternative forced-choizesk).
No feedback was given.

The Modified Melodies test supports several différgpes
of pitch modification. In the Nudge modificatiom® note of
the melody was shifted away from its correct pitoh a
specified number of semitones. Blocks of trials eveer-
formed with shifts in the range 0.5 to 7 semitor®sores
were plotted as a function of shift, then a psycawin func-
tion was fitted, and the threshold (in semitonea} wefined
as the shift that would produce a score of 75%exbrr

To investigate melody perception with only placeesuo

pitch, the melodies were played using pure ton8k Beven
cochlear implant recipients were tested in the ¢@IL5”

condition, with pure tones in the octave startihdb23 Hz.

Three of these recipients were also tested in Fact C3”
condition, with pure tones in the octave startindlal Hz.

To investigate melody perception with only tempanaés to
pitch, the same three recipients were tested irfRiage C3”

condition, with melodies presented by stimulatimgaosingle
apical electrode with a varying pulse rate. Thespuhte was
equal to the fundamental frequency of each notehénoc-

tave starting at 131 Hz [20].

For comparison, six normal-hearing subjects wese tdsted.
In the “Resolved” condition, the notes were in thetave
starting at C4 (262 Hz), and each complex tone ainet
only low-numbered harmonics which would be resolued
the normal auditory system. In the “Unresolved” dition,

the notes were in the octave starting at C3 (13)] & each
tone comprised only harmonics 20 to 24, which wawdtibe
resolved. The unresolved condition provides onlygeral

cues to pitch.

Results

For each normal-hearing subject, scores with ufredo
harmonics were significantly worse than scores wagolved

harmonics. The thresholds are shown in Figure & Jub-

jects reported anecdotally that the melodies cdaddper-

ceived with unresolved harmonics, but they had akwe
harsh, or “buzzy” pitch quality.
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The thresholds for the cochlear implant recipierts shown
in Figure 9. Subjects S02, S08, and S11 scorechace
level for the Place C5 condition, so the corresjranthresh-
old is arbitrarily plotted at 7 semitones. No cagarl implant
recipient obtained a threshold as low as that obthiby
normal hearing subjects with resolved harmonicswéier,
subjects S01, S06, and S10 obtained some threskiwdds
were in the same range as normal hearing subjéttauwe-
solved harmonics.

The results for the Rate C3 condition support thgokhesis
that temporal cues in isolation can provide meloggitch.
This was also found by Pijl & Schwarz [21], who oejed
that three cochlear implant recipients were ablestmgnise
melodies and judge musical intervals when the notee
presented by varying the pulse rate on a singltreige.

The results for the Place conditions support thpolhesis
that place cues in isolation can provide melodichpi The
possibility that subjects were recognising patteshbright-
ness changes cannot be completely ruled out. Hawene
ecdotal reports from subjects suggested that therg Wwear-
ing a melody based on pitch changes.

Threshold (semitones)

HO1 HO2 HO04 H19 H20 H21

Figure 8. Modified Melodies Nudge thresholds for five nor-
mal-hearing subjects. Stimulus conditions: Unresdllar-
monics (Black); Resolved harmonics (White).

Threshold (semitones)

S01 S02 S06 S08 S09 S10 Si1

Figure 9. Modified Melodies Nudge thresholds for seven
cochlear implant recipients. Stimulus conditionisiceé C5
(Black); Place C3 (Grey); Rate C3 (White).
DISCUSSION

Earlier research has shown that cochlear implaatepland

temporal cues form independent perceptual dimession

[22],[23]. It is clear that there are two indepentattributes
at the neural level: the electrode determines wiiehves
fire, and the pulse timing determines the firingds. It
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would be surprising if these two very different rauattrib-
utes produced the same sensation; instead thetakpacs
that place and rate should be qualitatively differéret re-
cipients are willing to label both of these percepbattributes
as “pitch”, and the experimental results suggest &ach by
itself can evoke a melody. No present model ofipjiercep-
tion is able to explain this paradox. It has begpothesised
that a strong pitch sensation requires a specti@se rela-
tionship between the nerve firing times acrosscalloegion
of the cochlea [24]. This distinctive spatio-tengoexcita-
tion pattern is produced by a resolved harmonicweéier,
stimuli that do not produce the ideal spatio-terapattern
can still evoke a weak pitch sensation that all@ksve-
chance performance on pitch and melody tasks.
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