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1.1 Introduction

Research on the auditory system is carried out in
cooperation with two laboratories at the Massachu-
setts Eye and Ear Infirmary (MEEI). Investigations
of signal transmission in the auditory system involve
the Eaton-Peabody Laboratory for Auditory Physi-
ology, whose long-term objective is to determine
the anatomical structures and physiological mech-
anisms that underlie vertebrate hearing and to
apply this knowledge to clinical problems. Studies
of cochlear implants in humans are carried out at
the MEEI Cochlear Implant Research Laboratory.
The ultimate goal for these devices is to provide
speech communication for the deaf. Cochlear
implants electrically stimulate intracochlear elec-
trodes to elicit patterns of auditory nerve fiber
activity that the brain can learn to interpret.

1.2 Signal Transmission in the External
and Middle Ear

The goal of this work is to understand the relation-
ship between the structure and function of the
external and middle ear.

1.2.1 Structure-Function Relations in
Middle Ears

Sponsors
National Institutes of Health

Grant R01-DC-00194

Project Staff
Dr. John J. Rosowski, Professor William T. Peake,
David A. Steffens

In this project, we have determined how structural
variations in the middle- and external ears of
various vertebrate species contribute to differences
in auditory function. Our work in this area has
taken two interrelated paths. One path has been to
make acoustic measurements of middle- and
external-ear function in the gerbil, a small mammal
with a highly specialized middle-ear air space and
life style.' Measurements of middle-ear input
impedance were made before and after manipu-
lations of the middle-ear air space (figure 1). The
impedance measured with the air spaces sealed,
vented, partially opened and widely opened are all
consistent with a model in which the impedance of

1 M.E. Ravicz, J.J. Rosowski and H.F. Voigt, "Sound-power Collection by the Auditory Periphery of the Mongolian Gerbil Meriones
unguiculatus. I: Middle-ear Input Impedance," J. Acoust Soc. Am. 92: 157-177 (1992).
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the middle-ear air spaces is in series with the rest
of the middle-ear (figure 2). Furthermore, the data
and model analysis indicate that the air-space
impedance is primarily reactive except at the lowest
frequencies. When extrapolated to human ears,
these results can be used to predict the effects of
certain middle-ear pathologies.

The second method we use to investigate
middle-ear structure and function is comparison of
the dimensions of various middle-ear structures in
mammals with known auditory capabilities. The
results of this analysis illustrate that mammals with
good hearing sensitivity at frequencies less than 1
kHz tend to have larger middle-ear dimensions
while those species with sensitive hearing restricted
to the high and ultrasonic frequencies (f > 10 kHz)
have smaller middle-ear dimensions. The results of
this analysis have been used to predict the auditory
capabilities of very early fossil mammals.2 These
predictions suggest that the small shrew-like
mammals that existed at the reptile-mammal transi-
tion 200 million years ago were not sensitive to low-
frequency sounds as modern reptiles are but, like
modern shrews and rats, were most sensitive to
high-frequency sounds.

1.2.2 Basic and Clinical Studies of
Middle-Ear Function

Sponsor

National Institutes of Health
Contract P01-DC-00119
Fellowship F32-DC00073

Project Staff

Dr. John J. Rosowski, Professor William T. Peake,
Dr. Sunil Puria

Our goal is to understand the relationship between
the structure and function of auditory periphery
including definition of the effect of middle- and
external-ear pathologies on auditory function. To
help achieve this goal, we are measuring function in
human ears using temporal-bones donated at the
time of death, and we have applied models from
our animal work to questions concerning middle-ear
pathologies and treatments.

Figure 1. Measurements of middle-ear input impedance
in a gerbil ear before and after various manipulations of
the middle-ear air spaces: sealed, the air spaces are
closed; vented, a long-narrow tube is placed through the
bony walls of the air space, the tube vents any excess
pressure in the air space to the atmosphere; hole open, a
small 2 mm diameter, hole is made in the air space walls;
wide open, the bony walls of the air space are widely
opened.

In conjunction with Dr. Saumil Merchant, a physi-
cian member of the Otolaryngology Department at
the Massachusetts Eye and Ear Infirmary, measure-
ments were made of the cochlear input impedance
(the acoustic load on the middle ear) in seven fresh
and thawed temporal-bone specimens. Preliminary
results of these measurements3 suggest that the
cochlear impedance is loosely approximated by a
series combination of a cochlear resistance and the
stiffness of the oval window membrane (annular
ligament) at the entrance to the inner ear, which
has been observed in animal ears. However, these
measurements also indicate a resistive component
to the annular-ligament impedance which has not
been seen in animal work. This work is being
expanded to include measurements of the

2 J.J. Rosowski, "Hearing in Transitional Mammals: Predictions from the Middle-ear Anatomy and Hearing Capabilities of Extant
Mammals," in The Evolutionary Biology of Hearing, eds. D.B.Webster, R.R. Fay and A.N. Popper (New York: Springer-Verlag, 1992)
pp. 615-631.

3 S.N. Merchant, M.E. Ravicz and J.J. Rosowski, "The Acoustic Impedance of the Stapes and Cochlea in Human Temporal Bones,"
Abstracts of the 15th Mid-Winter Research Meeting of the Association for Research in Otolaryngology, pg. 98 (1992).
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Figure 2. (a) The series model of the middle ear,
relating the middle-ear input impedance ZT to the
impedance of the air spaces ZMEC, and the rest of the
middle ear ZTOC. (b) Model interpretations of the effect
of sealing the air spaces. Moving the switch on the right
to each of the four possible positions models: a sealed
middle-ear air space S, venting V, opening a small hole
H, and widely opening O. ZV is the impedance of the
vent tube and the series combination of MH, and RH is
the acoustic impedance of the small hole.

middle-ear transfer function in isolated temporal
bones.

Measurements and models from our animal work
were used to produce a model (figure 3) of the
effect of direct acoustic stimulation of the cochlear
windows, which bypass the tympanic membrane
and ossicles in normal and pathological human
ears.4 Analysis of the model demonstrates that the
alternate "acoustic" pathway for sound entry to the
inner ear is not important in normal auditory func-
tion but may be a major component of that function
in pathological ears in which the normal conduction
mechanism is interrupted. Comparisons of the
model's predictions of hearing function in patholog-
ical cases with patient audiograms support the
hypothesized role of direct-acoustic stimulation in
pathological ears (figure 4).

Figure 3. A model of the combination of "ossicular" and
"acoustic" middle-ear sound transmission. The ossicular
path models motions of the tympanic membrane and
ossicles that produce a pressure on the stapes and
cochlea PIS. The effective stimulus from the "acoustic"
path is the sound pressure difference acting on the inner
ear windows PWD.

1.3 Cochlear Mechanisms

Sponsor
National Institutes of Health

Contract P01-DC00119
Grant R01-DC00238
Grant R01-DC00473

Project Staff

Professor Thomas F. Weiss, Dr. Dennis M.
Freeman, Lisa F. Shatz, Charles Q. Davis, Charles
C. Abnet, Henry E. Chung

Our goal is to study the mechanisms by which
motions of macroscopic structures in the inner ear
produce motions of the mechanically sensitive hair
bundles of sensory receptor (hair) cells. Because
of its strategic location, the tectorial membrane
must play an important role in the mechanical stim-
ulation of hair bundles. However, there have been
few direct observations of the tectorial membrane,
and its critical properties remain obscure. During
the past year, we have continued our efforts to
measure the physicochemical properties of the
tectorial membrane.

Changes in the ionic composition of the bath induce
changes in the volume of the isolated tectorial

4 W.T. Peake, J.J. Rosowski, and T.J. Lynch, III, "Middle-ear Transmission: Acoustic Versus Ossicular Coupling in Cat and Human,"
Hear. Res. 57: 245-268 (1992).

ZT= PT / UT

= ZTOC +ZMEC



Chapter 1. Signal Transmission in the Auditory System

- , . .1 I 1 , ., 1 1 .11 . . . . .... I I , , , ,,I

INTERRUPTED I-S JOINT
0-- - - - - - -

S20-
> -MEASUREMENT

40

z 6 0 -

< AMODEJ 80- A
II "

I MISSING TM, MALLEUS & INCUS
- - - - - - - -

MEASUREMENT
S20- t

-J 40-0
z

S60-
60 MODEL-'

80-

TYPE IV TYMPANOPLASTY
-0--

MODEL

- 20-

Lu 40-40- MEASUREMENT
0 -
z 60-

J 80-
0.01 0.1 1 10

FREQUENCY (kHz)

Figure 4. Comparisons of the predictions from the model
of figure 3 and measured audiograms for cases of: (a)
interrupted incudo-stapedial joint, (b) missing tympanic
membrane, malleus and incus, and (c) direct acoustic
stimulation of the oval window only, a condition that
mimics a Type IV tympanoplastic procedure to recon-
struct the middle ear after severe middle-ear disease.
The dashed lines illustrate normal hearing levels.
Hearing losses are illustrated by increased hearing levels.

membrane of the chick.5 The volume changes can
be large, often increasing the thickness of the
tectorial membrane by more than a factor of two,
and have a slow time course, often continuing for
hours. Although many of the changes are reversed

when the original bath composition is restored, per-
manent changes in the structure of the tectorial
membrane can result from long exposures to high-
sodium, low-calcium solutions.

During the past year, we have studied the effects of
brief (15 minute) exposures to test solutions. We
have found (1) that responses to brief exposures
are consistent with those for long exposures and (2)
that the effects of brief exposures are more nearly
reversible. Therefore, we have been able to
measure reponses to brief exposures of as many
as 20 different ionic solutions in a single prepara-
tion. Results show that even very low levels of
calcium (< 10 tmol/L) significantly change the
structure of the tectorial membrane.

Because of the considerable diversity in tectorial
membrane structure across species, it is important
to compare results obtained for chick tectorial mem-
brane with results from other species. During the
past year, we have initiated studies of
physicochemical properties of the tectorial mem-
brane of the alligator lizard-a species in which the
importance of mechanical processes at the level of
individual hair bundles has been directly demon-
strated. Initial results suggest that the tectorial
membrane of the lizard (1) swells when high-
potassium, low-calcium solutions are replaced by
high-sodium, low-calcium solutions and (2) shrinks
when calcium is increased from mol/L to mmol/L
concentrations. These results are qualitatively
similar to results with chick tectorial membrane.

Publications

Freeman, D.M., D.H. Hendrix, D. Shah, L.F. Fan,
and T.F. Weiss. " Effect of Lymph Composition
on an in vitro Preparation of the Alligator Lizard
Cochlea." Hear. Res. 65: 83-98 (1993).

1.3.1 Stimulus Coding in the Auditory
Nerve and Cochlear Nucleus

Sponsor

National Institutes of Health
Contract P01-DC00119
Grant T32-DC00006
Grant T32-DC00038 6

5 D.M. Freeman, D.A. Cotanche, F. Ehsani, and T.F. Weiss, "Effect of Na+, K+, and Ca++ Concentration on the Isolated Tectorial
Membrane of the Chick." In preparation.

6 NIH Training Grant for the HST Speech and Hearing Science Program. This grant's Principal Investigator is Nelson Y.S. Kiang.

322 RLE Progress Report Number 135



Project Staff

Dr. Bertrand Delgutte, Dr. Peter A. Cariani

We have been investigating the correspondence
between human auditory psychophysics and neural
activity patterns at the level of the auditory nerve
and the cochlear nucleus. We want to gain insight
into what kinds of information the auditory system
uses to represent complex acoustic stimuli. We
have recorded from representative samples of
auditory nerve fibers in anesthetized cats and com-
puted autocorrelation histograms to estimate the
aggregate interspike interval distribution over the
entire auditory nerve. Our results for a wide range
of complex stimuli suggest that the pitch heard by
human listeners corresponds to the most frequent
interspike interval in the auditory nerve.

In the past year, we ran a physiological analog of a
classical psychophysical experiment in which all
three components of a harmonic complex are
shifted in frequency by the same amount, resulting
in a shift in perceived pitch. Our results showed
that the pitch shifts estimated from the interspike
interval distributions closely followed those
observed in psychophysical studies. We also
carried out a physiological analog of a pitch
dominance experiment in which two harmonic com-
plexes (harmonics 3-5 versus harmonics 6-12) with
slightly different fundamental frequencies (FO) were
presented together. At FOs above 150 Hz, the
most frequent interspike interval in the auditory
nerve always corresponded to the pitch associated
with harmonics 3-5 rather than the pitch of har-
monics 6-12, consistent with human psychophysical
data. These results show that models of pitch per-
ception based on aggregate interspike interval dis-
tributions can account for classical experimental
results for pitch shift and pitch dominance.

Psychophysical experiments show that listeners can
identify better both constituents of a pair of
simultaneously-presented vowels if the pitches of
the two vowels are slightly different. In a physiolog-
ical experiment motivated by this result, we have
found that (1) each single vowel evokes a charac-
teristic aggregate interspike interval distribution, (2)
one single vowel constituent of a double vowel pair
can always be identified from correlations between
the double vowel pattern and the various single
vowel patterns, (3) the second single vowel constit-
uent can often be identified if the first correctly iden-
tified vowel is "subtracted" from the double vowel
pattern (via partial correlation), and (4) vowel iden-
tification through this method improves when the
voice pitches are made slightly different. These
results suggest that vowels can be discriminated
using aggregate temporal information alone and

Chapter 1. Signal Transmission in the Auditory System

that explicit pitch identification may not be neces-
sary to account for improved identification of con-
stituent vowels with increasing voice pitch
differences.

When two sounds with different pitches are played
simultaneously, certain pitch ratios appear to be
pleasant or consonant, while others appear harsh
or dissonant. In order to investigate neural corre-
lates of these phenomena, we have recorded the
responses of auditory-nerve to stimuli associated
with different degrees of consonance and
dissonance. Response patterns to pairs of pure
tones forming dissonant intervals showed beating
for all responding fibers. No beating patterns were
found for pure-tone consonant intervals. Beating
patterns were also found for dissonant pairs of
complex tones, but were restricted to fibers whose
characteristic frequencies were close to two partials
of the complex tones. These beating patterns in
the frequency range 20-200 Hz are thought to be
physiological correlates of roughness. A quantita-
tive model that sums the physiologic roughness
across the array of auditory-nerve fibers can predict
the relative dissonances of the different musical
intervals. These results suggest that certain
aspects of harmony perception are encoded in the
temporal patterns of discharge of auditory-nerve
fibers.

Publications

Cariani, P., B. Delgutte, and N.Y.S. Kiang. " The
Pitch of Complex Sounds is Simply Coded in
Interspike Interval Distributions of Auditory
Nerve Fibers." Soc. Neurosci. Abstr. 18(1): 383
(1992).

Cariani, P., and B. Delgutte. " Interspike Interval
Distributions of Auditory Nerve Fibers in
Response to Concurrent Vowels with Same and
Different Fundamental Frequencies." Abstr.
Assoc. Res. Otolaryngol. 16 (1993).

Delgutte, B., and P. Cariani. " Coding of the Pitch
of Harmonic and Inharmonic Complex Tones in
the Interspike Intervals of Auditory-nerve Fibers."
In Audition, Speech, and Language. Ed. M.E.H.
Schouten. Berlin: Mouton-De Gruyter, 1992, pp.
37-45.

Tramo, M.J., P.A. Cariani, and B. Delgutte.
Representation of Tonal Consonance and
Dissonance in the Temporal Firing Patterns of
Auditory Nerve Fibers: Responses to Musical
Intervals Composed of Pure Tones vs. Harmonic
Complexes." Soc Neurosci Abstr. 18(1): 382
(1992).
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1.4 Electrical Stimulation of the
Auditory Nerve

Sponsor

National Institutes of Health
Contract P01-DC00361

Project Staff

Dr. Bertrand Delgutte, Scott B.C. Dynes

The goal of these studies is to understand the
mechanisms of electrical stimulation of the auditory
nerve to design better cochlear implants. For this
purpose, we record from auditory-nerve fibers in
anesthetized cats in response to electric stimuli
applied through electrodes similar to those used in
humans. In the past year, we have measured the
responses to pairs of brief monophasic pulses sep-
arated by short intervals. This stimulus is the sim-
plest configuration that can show some of the
interpulse interactions that are likely to occur in
interleaved sampling speech processors. For
suprathreshold first pulses, the threshold for the
second pulse was found to decrease with
increasing interpulse delay, as expected from the
refractory properties of nerve fibers. Interpulse
delays at thresholds were consistently shorter for a
cathodal first pulse than for an anodal first pulse
with the same amplitude. (The second pulse was
always anodal.) This latency difference can be
interpreted as the spike conduction time from a
peripherally-located cathodal site of excitation to the
more central anodal site of excitation. Consistent
with this interpretation, the difference in latencies
between cathodal and anodal single pulses was
approximately equal to the conduction time esti-
mated from the two-pulse experiment. We plan to
pursue these experiments to identify the different
sites of nerve excitation for various stimulus condi-
tions.

Another series of experiments examined whether
responses to two-pulse stimuli can be used to
predict responses for more complex stimulus condi-
tions. Three pulses of equal amplitude were pre-
sented in rapid succession. The pulse amplitude
was chosen so that each pulse would, by itself, be
well above threshold. The delay between Pulses 1
and 2 was adjusted so that Pulse 2 would just
produce a spike with high probability, and the delay
between Pulses 2 and 3 was adjusted so that Pulse
3 would meet the same criterion. The delay
between Pulses 2 and 3 was found to be consist-
ently longer than the delay between Pulses 1 and

2. This result shows that the refractory period
cannot be seen as a fixed characteristic of a neuron
because it depends on past history of stimulation.
Model simulations show that the magnitude of the
changes in refractory period are severely underesti-
mated by classical Hodgkin-Huxley dynamics. This
result has implications for the design of interleaved
sampling speech processors in which one attempts
to minimize interactions between successive pulses.

1.5 Interactions of Middle-Ear Muscles
and Olivocochlear Efferents

Sponsor

National Institutes of Health
Contract P01-DC00119

Project Staff

John J. Guinan, Jr.

1.5.1 Basic and Clinical
Auditory System

Our aim
of the
reflexes

Studies of the

is to determine the actions and interactions
acoustically elicited middle-ear muscle

and the olivocochlear efferent reflexes.7

As a first step in our project to measure the sound-
level dependence of the middle-ear acoustic
reflexes with and without activation of medial
olivocochlear (MOC) efferents, we have begun
studying MOC effects on brain stem evoked poten-
tials (BAEPs). In anesthetized cats, we measured
BAEPs at the vertex in response to clicks at a
variety of sound levels, with and without activation
of MOC efferents and before and after the efferents
were cut near the vestibulo-cochlear anastomosis.
This cut severs the axons to the cochlea but leaves
the collaterals to the cochlear nucleus intact.

Before the cuts, stimulation of MOC efferents with
an electrode at the midline of the floor of the fourth
ventricle shifted the BAEP responses to higher
sound levels by approximately the same amount as
auditory-nerve responses (N1) were shifted to
higher sound levels. After the cuts, no changes in
BAEPs were produced by MOC stimulation. Thus,
from experiments to date, the effects of efferent
stimulation on BAEPs appear to be due solely to
MOC inhibition of cochlear responses with no effect
attributable to the MOC collaterals to the cochlear

7 This project is the direct successor of the 1991 project: Middle-Ear Muscle Reflex.
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nucleus. The lack of effect of MOC collaterals to
the cochlear nucleus on BAEPs is consistent with
these collaterals not innervating bushy cells in the
cochlear nucleus 8 and the hypothesis that bushy
cells are the dominant cochlear-nucleus cell type
involved in producing BAEPs. 9 Additionally, the
absence of changes in BAEPs due to severing
efferents near the vestibulo-cochlear anastomosis
means that measurements of BAEPs can serve as
a good control for the integrity of the auditory
brainstem in experiments on middle-ear muscle
reflexes involving such efferent cuts.

During the past year, final manuscript revision was
done for publication of our results on the sound-
frequency selectivity of single stapedius
motoneurons in cats which has now appeared in
the Journal of Neurophysiology.10

Publications

Kobler, J.B., J.J. Guinan, Jr., S.R. Vacher, and
B.E. Norris. " Acoustic-Reflex Frequency Selec-
tivity in Single Stapedius Motoneurons of the
Cat." J. Neurophysiol. 68: 807-817 (1992).

1.6 Cochlear Efferent System

Sponsor

National Institutes of Health
Grant R01-DC00235

Project Staff

John J. Guinan, Jr., Michael P. McCue
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1.6.1 Olivocochlear Efferent Systems

Our aim is to understand the physiological effects
produced by medial olivocochlear efferents which
terminate on outer hair cells in the mammalian
cochlea.

During the past year, we made a serendipitous dis-
covery that some vestibular afferent fibers respond
to sound at high sound levels. An earlier study on
the responses of mammalian vestibular fibers to
sound stimuli' concluded that sound does not
increase the firing rate of vestibular fibers until
sound levels of 120 dB SPL or more which is
outside of the normal range of hearing. That work
led to the widespread assumption that the auditory
responses of vestibular fibers play no role in
hearing. The fibers we have found respond to 90
dB SPL tones. This is a high sound level, but is
not outside the range of every-day hearing. (It is
approximately the level of a loud shout or the level
at which middle-ear muscles begin to contract.)
Our result, coupled with the finding of Kevetter et
al. 12 that showed that some vestibular fibers in
gerbils innervate both vestibular brain-stem nuclei
and parts of the cochlear nucleus, suggests that the
vestibular-auditory fibers which we have discovered
might play a role in hearing at high sound levels.
We recorded from single units in the inferior
vestibular nerve of barbiturate-anesthetized cats.
The vestibular-auditory fibers (1) respond to sound
with a latency of 2-4 ms., (2) have broad tuning
curves with CFs around 1 kHz, (3) have low spon-
taneous firing rates (0-5/sec), (4) have increased
firing in response to efferent shocks (like other
vestibular fibers but opposite to the effect of
efferents on cochlear-nerve fibers), and (5) have
bipolar ganglion cells in the inferior division of
Scarpa's ganglion with peripheral processes
extending into the saccular nerve and central pro-
cesses entering the brain stem in the vestibular
nerve root (from single-fiber labeling of four
neurons). In many lower vertebrates the saccule is
both a hearing organ and a vestibular organ, and it
may serve as both in mammals. A preliminary

8 M.C. Brown, S. Pierce, and A.M. Berglund, "Cochlear-nucleus Branches of Thick (Medial) Olivocochlear Fibers in the Mouse: A

Cochleotopoc Projection," J. Comp. Neurol. 303: 300-315 (1991).

9 J.M. Melcher, B.C. Fullerton, J.J. Guinan, Jr., N.Y.S. Kiang, and I.M. Knudson, "Cellular Generators of the Brainstem Auditory

Evoked Potential in the Cat," Soc. Neurosci. Abstr. 20: 723 (1990).

10 J.B. Kobler, J.J. Guinan, Jr., S.R. Vacher, and B.E. Norris, " Acoustic-Reflex Frequency Selectivity in Single Stapedius Motoneurons

of the Cat," J. Neurophysiol. 68: 807-817 (1992).

11 E.D. Young, C. Fernandez, and J.M. Goldberg, " Responses of Squirrel Monkey Vestibular Neurons to Audio-frequency Sound and

Head Vibration," Acta Otolaryn. 84: 352-360 (1977).

12 G.A. Kevetter, and A.A. Perachio, " Projections from the Sacculus to the Cochlear Nuclei in the Mongolian Gerbil," Brain Behav. Evol.

34: 193-200 (1989).
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version of this work will be presented early in
1993.13

Publications

McCue, M.P., and J.J. Guinan, Jr. " Acoustic
Responses from Primary Afferent Neurons of
the Mammalian Sacculus." Assoc. for Res. in
Otolaryngol. Abstr. 16. Forthcoming.

1.7 Cochlear Implants

Sponsor

National Institutes of Health
Contract P01-DC00361
Contract N01-DC22402

Project Staff

Donald K. Eddington, William M. Rabinowitz, Jay T.
Rubinstein, Joseph Tierney, Marc A. Zissman

1.7.1 Project A: Models of Current Spread
and Nerve Excitation During Intracochlear
Stimulation

Project Staff

Dr. Donald K. Eddington, Dr. Jay T. Rubinstein

The basic function of a cochlear prosthesis is to
elicit patterns of activity on the array of surviving
auditory nerve fibers by stimulating electrodes that
are placed in and/or around the cochlea. By modu-
lating these patterns of neural activity, these
devices attempt to present information that the
implanted subject can learn to interpret. The spike
activity patterns elicited by electrical stimulation
depend on several factors: the complex, electrically
heterogeneous structure of the cochlea, the geom-
etry and placement of the stimulating electrodes,
the stimulus waveform, and the distribution of
excitable auditory nerve fibers. An understanding
of how these factors interact to determine the
activity patterns is fundamental to designing better
devices and to interpreting the results of exper-
iments involving intracochlear stimulation of animal
and human subjects. As a first step towards this
understanding, the goal of this project is to con-
struct a software model of the cochlea that predicts
the distribution of potential produced by the stimu-

lation of arbitrarily placed, intracochlear electrodes
and use these potential distributions as inputs that
drive models of auditory nerve fibers.

This year we continued the development of the
three-dimensional, finite difference model of the
human cochlea that predicts the potential distribu-
tion produced in this structure by electrical stimu-
lation using model electrodes of arbitrary position
and geometry. In order to make the use of this
model more practical by reducing the time to
compute a solution, the model was implemented on
a SUN SPARCstation-2 where solutions are com-
puted in twenty minutes rather than the eight hours
required by the original VAX-750 system.

A series of solutions were computed to test the
model's sensitivity to variations in the resistivity of
the major cochlear components (e.g., perilymph,
endolymph, bone, nerve and basilar membrane).
These solutions documented the stability of the
model and confirmed our intuition that the asym-
metric potential distributions predicted by the model
and reported in previous years reflect the basic,
three-dimensional anatomy of this structure.

We are in the final stages of the morphological
work on one rat ear that will represent the anatom-
ical component of the electro-anatomical model for
this animal. From registered serial sections of the
cochlea, we are currently generating the database
through which the tissues and their electrical resist-
ances are represented in the three-dimensional
model. Using the rat, we will be able to make alter-
ations in the anatomy of the cochlea and make
measurements that would be impossible in our
human subjects. This will provide an important tool
in the future testing and refinement of this
electroanatomical model.

Continued development of a single-fiber computer
model of myelinated excitation by electrical stimu-
lation has led us to model formulations that more
accurately predict the following measurements in
the cat: (1) strength-duration time constants for
cathodal stimulation of 260 us instead of the 80 us
predicted by the classical model, (2) anodal/cath-
odal threshold ratios between 1 and 4 instead of
the 4.9 predicted by the classical model, (3) con-
duction velocity 4-6 m/sec/micron that are greater
than found in the classical model, and (4) refractory
periods that are three times shorter than predicted
by the classical model. The anodal/cathodal
threshold predictions have also been confirmed
qualitatively by measurements made in the rat.

13 M.P. McCue and J.J. Guinan, Jr., " Acoustic Responses from Primary Afferent Neurons of the Mammalian Sacculus," Assoc. for Res.
in Otolaryngol., Abstr. 16, forthcoming.
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1.7.2 Project B: New Sound Processors for
Auditory Prostheses

Project Staff

Dr. Donald K. Eddington, Dr. William M. Rabinowitz,
Joseph Tierney, Marc A. Zissman

Our collaboration with colleagues at Duke Univer-
sity and the Research Triangle Institute in the
development of new processing algorithms to
improve the speech reception of cochlear implant
users has resulted in laboratory-based systems that
increase the average single-syllable word recogni-
tion scores by 20 percentage points for the seven
subjects tested. 14  In addition to increasing the
number of stimulating channels from four to six and
implementing a different compression technique,
the new algorithms were designed to reduce inter-
ference assumed to be caused by simultaneously
activating intracochlear electrodes.

As a first step in our investigation to determine
which of the differences between the new and old
sound processing systems contributed to increased
performance, we compared a subject's speech
reception ability using three sound processing
schemes. These schemes were: (1) the current
commercial processor that uses four bandpass
filters to segment the frequency spectrum from
approximately 100 Hz to 4,000 Hz and presents the
analogue outputs of these filters as simultaneous
current waveforms to four of the implanted elec-
trodes, (2) a 4-channel processor in which the
envelopes of the four bandpass filter outputs are
used to modulate biphasic pulse trains that are pre-
sented as interleaved stimuli to four of the
implanted electrodes, and (3) a 6-channel version
of processor (2). The 4-channel and 6-channel
interleaved systems shared an amplitude com-
pression scheme in which the top 60 dB of the
envelope output range was logarithmically mapped
into the subject's dynamic range. The commercial,
4-channel analogue system uses an automatic gain
control that acts on the signal before processing by
the bandpass filters.

Chapter 1. Signal Transmission in the Auditory System

context) and vowels (8 vowels presented in a /bVt/
context) has been measured for these three pro-
cessing schemes. Scores for consonant recogni-
tion using the analogue and interleaved, 4-channel
processors were 87 percent and 89 percent respec-
tively. While the difference in consonant recogni-
tion is not significant for the 4-channel processors,
these scores are significantly different from the 96
percent scored with the 6-channel, interleaved
processor. This implies that for consonant identifi-
cation, differences in performance were due to
increasing the number of channels but differences
in compression and interleaving were probably not
significant. The vowel scores were 79 percent and
87 percent for the 4-channel systems (analogue
and interleaved respectively) and 98 percent for the
6-channel, interleaved system. Differences in the
two 4-channel system scores suggest that differ-
ences in compression and/or interleaving may con-
tribute to better vowel recognition. As with the
consonant scores, increasing the number of chan-
nels also contributes to better vowel scores.

Two different psychophysical tests conducted with
implanted subjects this year are leading to the
design of new speech processors that will be tested
next year. Loudness scaling experiments using
electrical stimulation of the subjects' intracochlear
electrodes show that the shape of the loudness
growth function varies across electrodes. These
results suggest customizing the function used to
map channel energy to stimulus amplitude for each
electrode rather than using the same function as is
currently done. Psychophysical measures of inter-
action during electrical stimulation of nonsimul-
taneous stimuli at the same or different electrodes
have revealed complex patterns of masking and
unmasking that depend on the amplitude of the
masker and the separation of the masker and test
stimuli in both time and space. These measures of
nonsimultaneous interactions have suggested new
stimulus waveforms that may reduce these inter-
actions. These waveforms are being tested in our
single-unit models and, in the next year, will be
tested as part of a 6-channel, interleaved sound
processor.

One subject's ability to identify closed sets of con-
sonants (24 consonants presented in a /aCa/

14 Wilson, B.S., C.C. Finley, D.T. Lawson, R.D. Wolford, D.K. Eddington and W.M. Rabinowitz, " Better Speech Recognition with

Cochlear Implants," Nature 352: 236-238 (1991).
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