On the Relationship Between Noise and Speet Recognitionin Cochlea Implant Subjeds: A
Theoretical and Psychophysicd Study

Leslie M. Collins*®, Roger L. Mill er® and W. David Fergusor?
®Department of Electricd and Computer Engineaing, Duke University
POtolaryngology-Head and Nedk Surgery, Department of Surgery, Duke University
Box 90291,Durham, NC, 277080291
Ph: 919-660-5260FAX: 919-660-5293Email: |collins@eeduke.edu

One factor that may impede speed remgnition by
cochlea implant subjeds is that eledricdly stimulated
nerves respond with a much higher level of synchrony
than what is normally observed in acousticdly
stimulated nerves. Thus, the response patterns “seen” at
higher procesdng centers are substantialy different
from those generated under normal amustic stimulation.
These differences may form the basis for a degradation
of speet urderstanding since the patterns generated
under eledricd stimulation may be interpreted
incorredly by higher processng centers. Recent data
from the implant research community has suggested that
high rates of stimulation [1], addition of low levels of
noise to the dedricd stimulus [2-5], or elevated levels
of “internal noise” [6] may provide some implanted
individuals with improved speed reagnition. In this
paper, we present theoreticd data that indicate that the
addition of noise may provide improved neural
responses to eledricd stimulation aong with
psychophysicd data that may indicae that individuals
with higher levels of interna noise do in fad have
higher levels of speed reaognition.

INTRODUCTION

Impairment or disruption of the normal chain of
mecdhanica to eledricd transduction of information
along the auditory pathway can result in sensorineural
impairment or dedness In the United States alone, there
are 28 milli on individuals with heaing loss and 1-2
million completely ded individuads. As a result of
increasing levels of noise in the modern environment,
heaing loss occurs ealier in life and progresses more
rapidly. In many instances of sensorineural dedness
the mechanicd structures of the inner ea are irreparably
damaged; however, the underlying neural population
remains at least partialy viable. In such cases
amplification by heaing aids, which relies on the partial
integrity of the mechanical structures in the ea, is an
inadequate means of heaing assistance due to the severe
amount of damage sustained by the inner ea. The
insufficiencies of amplification are inherently addressed
by the design of the wchlea implant. Cochlea
implants gimulate the auditory system eledricdly,
instead of acoudticdly, via an eledrode aray that is

inserted into the inner ea, or cochlea Thus, a mchlea
implant replaces the mechanicd to eledricd conversion
that occursin anormal cochlea

It iswell established that cochlea implants restore some
level of heaing to most ded individuals[cf. 7]. Speed
recognition abilities, however, vary widely aaoss
subjeds and the mechanisms resporsible for this
variability are poaly understood Fadors such as
eledrode design, eledrode placement, analog versus
pulsatile stimulation, peripheral nerve survival, central
auditory system integrity, speech-processing strategy,
and complex and/or unexpeded current paths within or
around the target neural tissue may play a role in this
variability. Unfortunately, these fadors are complex
and dfficult to control or assessin implanted subjeds.
Reseach haes indicaed there ae eperimental, or
psychophysicd, measures that not only predict speet
recmgnition performance, but also can be used to
improve speed recognition by implanted subjeds [8-
12]. For example, reducing the interadions between
eledrodes has been shown to improve speedh
recognition performance [8,9,11]. These measures
have, however, only addressed a subset of the possble
fadors that may influence speed recogniti on abiliti es.

Another fador that may impede speedt reamgnition by
cochlea implant subjeds is the extreme degree of
synchrony in the neural response to eledricd
stimulation [1-6, 13], a phenomenon not observed under
aooustic stimulation [13,14]. Eledricdly stimulated
nerves respond with a much higher level of synchrony
than what is normally observed in acousticdly
stimulated nerves. Thus, the resporse patterns “seen” at
higher auditory processng centers are substantially
different from those generated under normal acoustic
stimulation. These differences may form the basis for a
degradation of speed urderstanding since the patterns
generated under eledricd stimulation may be
interpreted incorredly by higher processng centers.
Two approaches have been proposed recently in the
literature to address this issue. Rubinstein et al., [1]
have suggested that using a high rate cnditioning
stimulus may desynchronize the underlying reural
population due to the refractory nature of nerve fibers.



Morse and Evans [2-5] have suggested that adding noise
to a speed signa may deaease the synchrony of the
neural resporse due to eledricd stimulation, potentially
leading to improved speed rewognition for cochlea
implant patients. In addition, Wilson et al., [6] have
suggested that when nreurons retain some level of
stochastic adivity (i.e. spontaneous adivity remains)
subjeds may obtain higher speed recogniti on scores.

The phenomenon whereby additive noise, when
presented at an optima level, improves sgnal
transmission is known as gochastic resonance (SR).
Most SR work has focused on the aldition of noise to a
weak signal within the mntext of a nonlinea system in
order to induce a“regularity” in the response pattern of
the system which is related to the properties of the weak
signal. SR has been applied to physicd systems for
many yeas, and evidence in suppat of SR has recently
been found in biologicd systems [15]. Recet
theoreticd work investigated methods for optimizing the
spedrum of the noise under normal (i.e. physiologicdly
reasonable) stimulation of nerves[e.g. 16-18].

Currently there ae no data cncerning the optimal
seledion of the statistics of the noise process or its
relationship to the speed signal for eledricd
stimulation of the auditory nerve. There ae dso no data
that suggest how SR could be used to help aleviate
fadors known to deteriorate speed recognition
performance, such as channel interadions. In this paper
we present psychophysicd data that indicae that
variability in psychophysical threshold may be related
to a form of interna stochastic resonance, as has been
suggested previously [19-21], and that the data indicate
that individuals with a higher level of naturally
occurring SR have improved speed recognition
performance We dso present theoreticd results using a
computational model to simulate neural response
patterns to eledricd pulse trains. Our preliminary data
indicate that modulating the amplitude of the pulse train
by low levels of white noise generates neural response
patterns that are more similar to those dicited by
aooustic stimulation than those dicited by un-modulated
pulse trains. The patterns elicited also appea to de-
correlate acoss fibers, an effed that has been
hypothesized to be important for information coding
under eledricd stimulation [1-5].

PSYCHOPHY SICAL MEASURE OF INTERNAL
NOISE: THRESHOLD VARIABILITY

Based on the SR hypathesis, and as suggested in [6] and
[19-21], we hypothesized that some implanted subjeds
could have more “optimal” levels of internal noise than
other subjeds. In order to investigate this hypothesis,
we measured variability in psychophysicd threshold in

a set of five implanted subjeds. We chose athreshold
task sinceit is smple to evaluate, and becaise internal
noise levels will be & least partialy cegptured by
variability in threshold [c.f. 22].

Threshold data were obtained from five postlingually
dedened adults. Four of the subjeds were implanted
with a Cochlear Corporation Nucleus 20+2L implant,
and one was implanted with a Nucleus 20+2 implant.
These devices are caable of bipdar as well as
monopdar stimulation. Detailed information on these
implantsis givenin [23]. A centrally locaed eledrode,
which was adive in ead subjed’s clinicdly
programmed device and exhibited a normal dynamic
range, was used to colled the threshold data. The
extracochlea-indifferent eledrode that was used for
monopdar stimulation was common to bah devices,
and was the external recever-stimulator plate dedrode.

The stimuli presented consisted of single bi-phasic
pulses and were delivered through an implanted
recaver/stimulator driven by a Cochlea Corporation
Spedra 22 procesor conneded to a Cochlea
Corporation Dual Processor Interface Threshold was
measured at constant phase durations of 0.1, 0.2, and 0.4
ms. Phase duration ranges from 0.0192 —0.4 ms during
normal prosthesis operation [24]. The stimuli were
presented via astom-designed software  which
interfaced to the implant through the DPI and Cochlea
Corporation 1F4 baard. Threshold was measured using
a 2-down 1-up adaptive 2IFC procedure [25] in which
the stimulus amplitude was adjusted with a step size of
one aurrent level unit. A total of 14 reversals was
required for ead threshold determination, and the
average of the last eight was used to estimate threshold.
Four subjeds completed 16threshold measurements and
one completed 15 measurements at ead combination of
phase duration and stimulation mode. The variability in
threshold at ead phase duration and stimulation mode
was cdculated from these data.

The standard deviations of the threshold data averaged
aaoss sbjeds are shown in Figure 1. The data ehibit
an increase in standard deviation as phase duration
incresses. This trend occurs snce the input/output
functions that describe dedricdly stimulated neurons
deaease in slope @& phase duration increases [e.g., 26].
In order to cdculate arrelation coefficients, the
threshold variability for ead subjed was averaged
aaoss al phase durations for ead stimulation mode.
Variability in threshold was then correlated with various
speedr reagnition measures that had been obtained
clinicdly for these five subjeds. Table | lists these
correlation coefficients. Bold entries are significant at a
level of 0.1 and italicized entries are significant at a
level of 0.01
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Figure 1. Standard deviation (dB) of threshold data averaged
aaoss sibjedsasafunction o phase duration (ms).

Pearson Monopolar Bipolar
Average SR 0.96 0.84
BKB Sentences 0.87 0.63
Vowels 0.79 0.76
Consonants 0.53 0.76
NU6 — Words 0.54 0.42
NU6 — Consonants 0.75 0.33

Spearman Monopolar Bipolar
Average SR 0.70 0.90
BKB Sentences 0.90 0.70
Vowels 0.50 0.80
Consonants 0.30 0.50
NU6 — Words 0.67 0.56
NU6 — Consonants 0.40 0.30

Tablel. Correlation coefficients between averaged threshold
variability and average speech reagnition (SR) and aher
speed recognition measures. Bold (p < 0.1) and italicized (p
< 0.01) entries gatisticdly significant.

All correlations were positive, and many were quite
high. Significant Peason correlations were observed
between the average variance measured in monopdar
stimulation mode and BKB sentences as well as the
average of the speech remgnition measures. The faa
that the same pattern of results is observed with
Speaman correlation data (Speaman correlations use
relative rank) indicaes that the arrelation values
observed are probably not an artifad of a small data set.

THEORETICAL EFFECTS OF NOISE ON THE
RESPONSE TO ELECTRICAL STIMULATION

Analytic models can provide a useful framework for
charaderizing those parameters that are normally
difficult to control in the physicd system. The utility of
a particular model depends on the extent to which
predictions can be experimentally verified. White and
colleggues [27-28] have proposed a stochastic neural-

behavioral modd that is computationally tradable. A
primary feature of this model is the charaderization of
single-fiber input/output functions that are based on the
phase duration of the diciting stimulus with the slope of
the function being inversely propational to phase
duration. At longer phase durations, the system behaves
in a more stochastic fashion; thus the dope of the
input/output function is more shallow. The modeled
input/output relationship as a function of phase duration
is consistent with that observed experimentaly in
eledricdly stimulated neurons[26,28].

In a previous theoreticd study, we used signal detedion
theory to determine the optimal detedor for threshold
level detedion of singe pulse stimuli at the output of
the model and then used this detedor to predict the
variability in threshold [19-21]. The results indicaed
that the model acarately predicted the trends in the
experimental performance, and the predictions were
consistent with human and feline psychophysicd data
(described above). In this gudy, we tili ze the model to
predict the dhanges in interval histograms for periodic
eledricd stimuli when low levels of Gaussian noise ae
used to modulate the amplitude of the stimulus. The
model was modified dightly to include an exponential
distribution for the adual spike times in response to an
eledricd pulse [29]. Interval histograms are a
histogram of the inter-spike intervals elicited by a
stimulus, and plot number of interval events versus the
interval duration. Under acooustic stimulation at
relatively low frequencies, neurons fire preferentially in
one phase of the stimulus and may skip a random
number of cycles between two successve firings. A
typicd interval histogram is $own in Figure 2. The
charaderistic multi-modal pattern associated with a
phase-locked auditory nerve response is clealy evident
[30.
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Figure 2. Interval histogram obtained by stimulating an
auditory neuron acusticdly with a 500 Hz sinusoid. Bin size
is0.2 msec and 127 spikes were recorded.



Under eledricd stimulation at moderate levels, neurons
tend to respond on every cycle of the stimulus, as long
as refradory effeds are not in evidence  This
corresponds to a uni-modal interval histogram where a
response occurs in almost every interval [13,14]. In this
study, we utilized the model described by Bruce et al.
[28] to predict the response of a single neuron to a 500
Hz pulse train in both noise-free and low-level-noise
conditions. The top pation of Figure 3 ill ustrates the
interval histogram predicted by the model for the noise
free ondition. The bottom panel shows the resporse
when alow level Gaussian noise has been used to adjust
the amplitude of each pulse independently (SNR =
20dB). Superimposed in both panels (dashed lines) is
the aoustic interval histogram, where dl histograms
have been normalized to a maximum of one for ease of
comparison. Clealy, a more “natural”, i.e. acusticdly
driven, response is obtained under the andition in
which the stimulus is modified by a low level Gausdan
noise.

The arrelation between the interval histograms
cdculated from the resporses predicted by the
computational model and those measured under acoustic
stimulation can be cdculated over a range of SNRs.
Figure 4 ill ustrates the relationship between noise level
(which deaeases as SNR increases) and the correlation
between the theoreticdly predicted eledricd interval
histograms and the a®ustic interval histogram. The
noise level was not incressed beyond an SNR of 10 dB
as negative pulse amplitudes would have resulted. As
was apparent in Figure 3, increasing the level of noise
increases the similarity (as measured by a rrelation)
between the dedricdly induced theoreticd interval
histogram and the measured acoustic interval histogram.
The data presented here indicaes that a low level
additi ve noise may indeed produce amore natural neural
response.

As noted by Knight [31] and athers [e.g. 1-5], cross
fiber de-correlation (in addition to increased correlation
between eledricd and amustic interval histograms) is
important  for achieving optima  information
transmission. In a modeing study by Morse ¢ al. [3]
using a population of neurons subjed to analog (as
oppced to pulsatile) eledricd stimulation, results
indicated that the spread of current in the achlea ca
effectively provide a pseudo-independent noise source
to ead fiber, thus achieving cross-fiber de-correlation.
The term pseudo-independent is used to indicate that the
fiber responses were not perfectly uncorrelated. In fad,
correlation between fiber responses deaeased as the
distance between the fibers increased when independent
noise was applied to the analog stimulus presented to
eath eledrode. While fibers in close proximity had
correlation values, as measured by the Tanimoto

measure, that approadhed unity, fibers gpaced 25 mm
apart had correlation values of approximately 0.3. (For
reference, eledrodes in the Nucleus device ae spaceal
0.75 mm apart). The Tanimoto measure of similarity can
be used to determine the degree to which two binary
sequences are similar [32]. A binary sequenceis sid to
posses the i" attribute if the i™ position equals one. The
Tanimoto measure is then an indicaion of the cmmon
attributes shared by two hinary sequences. This
measure is well suited for cdculations involving spike
trains from nerve fibers and is used with the output of
modeled auditory fibers to determine the similarity
between the behavior of adjaceant fibers. The Tanimoto
measure of similarity isgiven by
X'z

s(x,2) =————

X'X+z'z-Xx'z

where x and z correspond to the two binary sequences.
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Figure 3. A comparison o the theoreticdly predicted interval
histogram for an eledricdly stimulated neuron (500 pps
stimulus) under conditions of no noise (top panel) and 20 dB
SNR additive noise (bottom panel). Theoreticd predictions
are shown with solid lines. Histograms have been namali zed
to amaximum of 1. Normalized amustic interval histogram
has been superimposed for comparison and is shown with a
dashed line.
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Figure 4. Correlation between the predicted eledricd interval
histograms and the aoustic interval histogram as a function of
SNR

We used a similar approach with our computational
model to determine if fibers sibjea to pulsatile
eledricd stimulation would show a similar pattern of
de-correlation. In contrast to the gproach described
above, we gplied a single stimulus to the enter of the
eledrode aray and computed the Tanimoto measure for
100 fibers paceal evenly acossa 5 mm sedion of the
cochlea that was centered at 15 mm. The simulations
were run with the center fiber at an operating level
(probability of firing) of 95%. The level of adjacet
fibers was determined using a bipdlar attenuation factor
of 4 dB/mm[27,28]. The same noise parameters used to
obtain the maximum correlation obtained in the
previous dudy (Figure 4) were used. The cmputed
Tanimoto measure of similarity is down in Figure 5.
The results indicae that the Tanimoto measure
deaeases to approximately 0.1 at a distance of 2.5 mm
from the stimulus. These results are comparable to
those presented by Morse d@ al. [3] for independent
analog noise signals, athough those signas were
applied simultaneously to multiple dedrodes.

CONCLUSIONS

SR reseach has focused on inducing a regular response
from a nonlinea system that is correlated with a wegk
driving signal. The psychophysical data presented here
indicate that a “noisier” system may indead be related to
better speed reaognition.  The theoreticd study
indicates that modulating the anplitude of a pulse train
in a random fashion induces a more natural neural
response pattern that may de-correlate spatially. Future
work will involve theoreticd work towards the
optimization of the noise spedrum and analysis of
dternative gproades to the goal of driving the neural

response towards a more natural response. In addition,
theoreticd  predictions will be @mpared to
psychophysicd and neurophysiologicd data.
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