IntechOpen

Cochlear Implant Research
Updates

Edited by Cila Umat and Rinze Anthony Tange

"~







COCHLEAR IMPLANT
RESEARCH UPDATES

Edited by Cila Umat and Rinze Anthony Tange



Cochlear Implant Research Updates
http://dx.doi.org/10.5772/1160
Edited by Cila Umat and Rinze Anthony Tange

Contributors

Marlan Hansen, Hakan Soken, Sarah E Mowry, Gulden Kokturk, Cong-Thanh Do, Lieber Po-Hung Li, Robert llling,
Nicole Roskothen-Kuhl, Jahn O’Neil, Donna Jo Napoli, Poorna Kushalnagar, Gaurav Mathur, Carol Padden, Christian
Rathmann, Christopher Moreland, Scott Smith, Charles T. M. Choi, Yi-Hsuan Lee, Clemens Zierhofer, Reinhold Schatzer,
Rinze Anthony Tange, Catherine M McMahon, Karen Bate, Robert Patuzzi, Aseel Almeqbel

© The Editor(s) and the Author(s) 2012

The moral rights of the and the author(s) have been asserted.

All rights to the book as a whole are reserved by INTECH. The book as a whole (compilation) cannot be reproduced,
distributed or used for commercial or non-commercial purposes without INTECH's written permission.

Enquiries concerning the use of the book should be directed to INTECH rights and permissions department
(permissions@intechopen.com).

Violations are liable to prosecution under the governing Copyright Law.

D)o

Individual chapters of this publication are distributed under the terms of the Creative Commons Attribution 3.0
Unported License which permits commercial use, distribution and reproduction of the individual chapters, provided
the original author(s) and source publication are appropriately acknowledged. If so indicated, certain images may not
be included under the Creative Commons license. In such cases users will need to obtain permission from the license
holder to reproduce the material. More details and guidelines concerning content reuse and adaptation can be
foundat http://www.intechopen.com/copyright-policy.html.

Notice

Statements and opinions expressed in the chapters are these of the individual contributors and not necessarily those
of the editors or publisher. No responsibility is accepted for the accuracy of information contained in the published
chapters. The publisher assumes no responsibility for any damage or injury to persons or property arising out of the
use of any materials, instructions, methods or ideas contained in the book.

First published in Croatia, 2012 by INTECH d.o.o0.

eBook (PDF) Published by IN TECH d.o.o.

Place and year of publication of eBook (PDF): Rijeka, 2019.
IntechOpen is the global imprint of IN TECH d.o.o.

Printed in Croatia

Legal deposit, Croatia: National and University Library in Zagreb

Additional hard and PDF copies can be obtained from orders@intechopen.com

Cochlear Implant Research Updates
Edited by Cila Umat and Rinze Anthony Tange

p.cm.
ISBN 978-953-51-0582-4
eBook (PDF) ISBN 978-953-51-6988-8



We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

4®®®+ 116,000+ 120M+

ailable International authors and editor: Downloads

Our authors are among the

151 Top 1% 12.2%

Countries deliv most cited s Contributors from top 500 un sities

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y






Meet the editors

Dr Cila Umat is an Associate Professor and Head of

the Audiology Program at the School of Rehabilitation
Sciences, Faculty of Health Sciences, Universiti Kebang-
saan Malaysia (UKM) Kuala Lumpur, Malaysia. She
obtained her first degree in Physics from UKM in 1993,
Postgraduate Diploma of Audiology and Masters of Au-
diology from Macquarie University, Sydney, Australia in
1995 and 1996, respectively. She went on to do her doctorate study at the
University of Melbourne in the area of cochlear implant psychophysics in
2002 and obtained her PhD in 2005. She is the first audiologist in Malaysia
to obtain her PhD degree in audiology. Associate Professor Dr Cila Umat
has worked as a lecturer and audiologist in UKM since 1996 after finishing
her Master degree. She has also been appointed as the Head of the Audiol-
ogy & Speech Sciences Department, the UKM Audiology Program Coordi-
nator and she currently holds position as the Head of the Audiology Pro-
gram at UKM. Her research interest is in the area of cochlear implantation
especially on auditory perception through the cochlear implant device.
Associate Professor Dr. Cila Umat has been in the UKM Cochlear Implant
Team since 1997. The UKM Cochlear Implant Program which started in
1995 is the first and the largest Cochlear Implant program in Malaysia.

Dr Rinze Anthony Tange was born on 8 January 1950

in Utrecht, the Netherlands. He studied medicine at

the Utrecht University where he graduated in 1976 and
became specialist in otolaryngology at the Erasmus
University in Rotterdam. In 1981 Dr Tange moved from
Rotterdam to the ENT department of the University of
Amsterdam. In 1983 he published his thesis “Degenera-
tive ototoxic changes in the cochlea as seen in microdissections and surface
preparations”. The thesis was awarded with two prizes. On 4 September
1996 Dr Tange was appointed associate professor (UHD) at Universiteit
van Amsterdam. In 2001 he founded the cochlear implant team of Am-
sterdam. He introduced an innovative non-invasive surgical approach to
implant the cochlea implants. Almost 300 implantations have been per-
formed up until now. Dr Tange has published over 170 papers of which
more than 80 are cited. He has been the founder of the Dutch Journal of
Otolaryngology and co-founder member of European Academy of Otology
and Neurotology (EAONO). In 2003 he organized the 24th Politzer Society
Meeting in Amsterdam. Dr Tange is a co-founder member of the LION
project a Global Visio conference Network for Otolaryngology. In 2009 he
was invited to join the ENT department of Utrecht University.







Contents

Section 1

Chapter 1

Chapter 2

Section 2

Chapter 3

Chapter 4

Chapter 5

Chapter 6

Section 3

Chapter 7

Preface XI
Surgical Techniques 1

Cochlear Implant Surgery 3
Hakan Soken, Sarah E. Mowry
and Marlan R. Hansen

Modifications on the Alternative Method for
Cochlea Implantation 23
R.A. Tange

Speech Processing Strategies 37

Wavelet Based Speech Strategy in
Cochlear Implant 39
Gulden Kokturk

Strategies to Improve Music Perception in
Cochlear Implantees 59

Joshua Kuang-Chao Chen,

Catherine McMahon and Lieber Po-Hung Li

A Review of Stimulating Strategies for
Cochlear Implants 77
Charles T. M. Choi and Yi-Hsuan Lee

A Fine Structure Stimulation Strategy and
Related Concepts 91
Clemens Zierhofer and Reinhold Schatzer

Other Research Updates 115
Acoustic Simulations of Cochlear Implants in

Human and Machine Hearing Research 117
Cong-Thanh Do



X Contents

Chapter 8

Chapter 9

Chapter 10

Chapter 11

The Cochlear Implant in Action:

Molecular Changes Induced in

the Rat Central Auditory System 137
Robert-Benjamin llling and Nicole Rosskothen-Kuhl

Cochlear Implantation, Synaptic Plasticity and
Auditory Function 167
Jahn N. O'Neil and David K. Ryugo

Cochlear Implants and the Right to Language:
Ethical Considerations, the Ideal Situation, and
Practical Measures Toward Reaching the Ideal 193
Tom Humphries, Poorna Kushalnagar, Gaurav Mathur,
Donna Jo Napoli, Carol Padden,

Christian Rathmann and Scott Smith

Cochlear Implantation in
Auditory Neuropathy Spectrum Disorder 213
C. M. McMahon, K. M. Bate, A. Al-megbel and R. B. Patuzzi



Preface

For many years or decades, cochlear implants have been an exciting research area
covering multiple disciplines which include otology, engineering, audiology, speech
language pathology, education and psychology, among others. Through these research
studies, we have started to learn or have better understanding on various aspects of
cochlear implant surgery and what follows after the surgery, the implant technology
and other related aspects of cochlear implantation. Some are much better than the
others but nevertheless, many are yet to be learnt. This book is intended to fill up some
gaps in cochlear implant research studies. The compilation of the studies cover a fairly
wide range of topics including surgical issues, some basic auditory research, studies to
improve the speech or sound processing strategies used in cochlear implants, some
ethical issues in language development and cochlear implantation in cases with
auditory neuropathy spectrum disorder. The book is meant for postgraduate students,
researchers and clinicians in the field to get some updates in their respective areas.

To all the contributing authors, your efforts and patience are very much appreciated.
We consider that one of the uniqueness of this publication is that the contributing
authors are people who are experts and renowned in their fields. We have learned a
lot throughout this whole process of involvement as book editors, just by reading and
commenting on these superb-written chapters.

We changed the earlier book title to ‘Cochlear Implant Research Updates’ to better define
or reflect its content. In facilitating the expected diverse readers of this book, we have
divided it into three sections: Surgical Techniques, Speech Processing Strategies, and Other
Research Updates. We hope the readers will find the chapters in the book as much
interesting and informative as we personally have. They are stimulating new findings
and hold for the future of improving the technology, and better understanding of how
the users hear through the cochlear implant device. One of the studies also discusses
on the contra aspect of what we generally believe on the usefulness of the cochlear
implant technology in facilitating speech and language development of young
children with severe and profound hearing impairment. Reading the chapter is
refreshing as we, in the excitement to observe how the cochlear implant technology
changes the lives of many people who use this hearing device, tend to forget that there
are people with different views on cochlear implantation especially for young
children. Including this chapter in this book hopefully will allow readers to critically
analyze the arguments or concerns put forward by this group of people.
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Surgical Techniques






Cochlear Implant Surgery

Hakan Soken, Sarah E. Mowry and Marlan R. Hansen
Department of Otolaryngology, University of lowa Hospitals and Clinics, lowa City, Iowa
USA

1. Introduction

Over the past quarter of a century, cochlear implants (CIs) have become recognized as
highly successful auditory rehabilitation devices for individuals with severe to profound
hearing impairment. There is ample evidence of the success of electrical stimulation of the
inner ear as a treatment for profound deafness.

However, the majority of persons with hearing loss are not profoundly deaf and they have
some remaining usable hearing. Encouraged by promising results in traditional cochlear
implant patients and by improvements in the electrode design and the signal processing,
investigators have expanded the indications for implantation. Now in addition to
completely deaf patients, selected subjects with residual hearing are eligible for cochlear
implantation with modified electrodes. The approach involves preserving existing residual
acoustic hearing (low-frequency) in an ear to be implanted. Electrical stimulation is
provided via a modified CI for the missing high frequencies to improve speech
understanding via combined acoustic and electric (A + E) hearing. The prerequisite for this
form of combined stimulation (ipsilateral A + E) is a sufficient degree of residual low
frequency hearing in the implanted ear. Most patients with the modified electrodes are able
to achieve improved sound perception and word understanding while preserving their
residual acoustic hearing (Ching et al., 1998; Hogan & Turner, 1998). The listening condition
using only A+E hearing and no hearing aid in the contralateral ear is referred to as “hybrid
mode”. However, these implant recipients benefit from using a hearing aid in their
contralateral ear, a listening condition referred to as “combined mode”. This listening
situation has the potential to improve speech recognition in both quiet and noise (Gstoettner
et al., 2006; Turner & Cummings, 1999).

Since Gantz and von llberg first discussed the possibility of using A+ E stimulation
simultaneously in patients with significant residual hearing, the concept of combined
electric and acoustic stimulation has provided a focus of interest and research (von Ilberg et
al., 1999; Gantz & Turner, 2003). The Iowa Hybrid project stemmed from work by Shepherd
and colleagues that showed that preservation of the apical regions of the feline cochlea
could be spared anatomically and functionally following limited electrode insertion (Ni et
al., 1992; Xu et al., 1997). Developments in technology and “soft” surgery techniques,
combined with a better understanding of the structure and function of the inner ear
allowed the first patient to be implanted with a modified electrode in 1999 (Gantz &
Turner, 2003). Work by groups in Iowa and Frankfurt have targeted hearing-impaired
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patients who are not traditionally considered CI candidates (Gantz & Turner, 2003; Cohen
et al,, 2002). These patients are characterized by severe and profound thresholds at
frequencies 21000 Hz, with near-normal or mild hearing losses in the low frequencies.
These patients commonly present with monosyllabic word recognition scores <50%. In
these cases the aim is to preserve functional low frequency hearing while providing
additional high frequency information via the CI.

Successful implantation of this group of hearing impaired patients requires meticulous
microsurgical techniques. This chapter will explore the indications for use of A+E
stimulation, patient outcomes, microsurgical techniques, electrode design and possibilities
for future interventions.

2. Indications for combined acoustic and electric stimulation

Cochlear implantation is traditionally offered to individuals who receive limited hearing
benefit from well-fit hearing aids (HAs). The definition of “limited benefit” for patients
has changed appreciably in the past 15 years. The audiologic selection criteria have been
expanded for both adults and pediatric patients. For adults, selection criteria have
changed from a profound hearing loss and limited open-set speech recognition in the
early 1990s to a 70 dB hearing loss and up to 50% open-set sentence speech perception.
Although the broadening of the selection criteria to a 70 dB pure-tone-average hearing
loss occurred in 1995 for the adult population, the criteria for children remain a pure-tone-
average of less than or equal to 90 dB hearing level. As cochlear implant technology
progressed and documented outcomes exceeded early expectations, the audiologic
boundaries of candidacy broadened to include patients with more residual hearing (Kiefer
et al., 1998; Klenzner et al., 1999).

Severe to profound hearing impaired individuals typically derive substantial benefit from a
ClI for speech understanding and quality of life. Conventional CI users may use a HA in the
contralateral ear (bimodal condition) if sufficient residual hearing is present. This listening
condition has the potential to improve speech recognition, particularly in noise. Results in
these patients show that bimodal listening is of significant benefit, and a strong synergistic
effect of using both devices is particularly noticeable during speech testing in noise (Gantz &
Turner, 2003; Turner et al., 2004; Gstoettner et al., 2008). Ipsilateral combination of A+E
hearing (hybrid listening mode) provides similar benefits for speech recognition in noise
and subjective improvements in sound quality (Gstoettner et al., 2006).

Several recent studies demonstrated that acoustic amplification for hearing loss above 60 dB
HL for frequencies greater than 2500 Hz usually provides no enhancements of speech
recognition (Hogan & Turner, 1998; Turner & Cummings, 1999). Thus, candidates for A+E
stimulation must have pure tone detection <60dB HL between 125-500 Hz and <80dB HL
above 2000 Hz. They may have substantial word understanding scores (consonant nucleus
consonant (CNC)) in the best aided situation between 10-60% correct in the worse hearing
ear and up to 80% correct in the better hearing ear (Fig. 1). Other selection criteria include:
no evidence of progressive hearing loss; no evidence of autoimmune inner ear disease; and
no history of meningitis, otosclerosis or cochlear ossification. The maximum air-bone gap
allowed is 15 dB. There should also be no contraindications to use amplification devices in
the implanted ear such as chronic otitis externa or a chronically draining ear.
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Fig. 1. Expanded audiometric selection criteria for combined electric and acoustic
stimulation candidacy. HL=Hearing Level, Hz=Hertz.

3. Outcomes

In 2003, Gantz and Turner reported on 9 adults with severe high-frequency impairment
received implants with either 6-mm or 10-mm length hybrid electrodes. Monosyllabic word
understanding and consonant identification in a recorded sound-only condition were used to
assess changes in speech perception. Acoustic hearing was preserved in all subjects and
preoperative monosyllabic word and sentence scores were unchanged in all subjects following
implantation. The scores were more than doubled using the 10-mm implant when compared
with preoperative scores achieved with hearing aids only. In the subsequent FDA trial of the
Hybrid S12 10mm electrode, 87 subjects were enrolled in a larger multi-central clinical trial.
Immediate hearing preservation accomplished in 85/87 (98%) subjects. Over time (3 months to
5 years), some hearing was maintained in 91% of the group (Gantz et al., 2009).

Other modified electrodes (Cochlear Hybrid L24 and Med-El FlexEAS) are also designed to
preserve hearing. Lenarz et al. (2009) recently published the preliminary data for the
European trial of the L24. Of the 32 patients implanted; 24 patients were hybrid candidates
and 8 patients were standard electrode candidates. Hearing was preserved within 30 dB of
preoperative thresholds in 96% of patients and 68% were within 15 dB. These results were
stable over time. Of the 16 patients with 12 months of experience, 94% retained hearing
within 30 dB of preoperative thresholds. Those in the European trial showed significant
improvement on word scores between the 6- and 12-month post-activation marks.

As discussed previously, patients with preserved LF hearing have significant improvements
in their discrimination scores following cochlear implantation. Those implanted with shorter
electrode arrays, such as the Hybrid S/L or Med-El M/FLEXEAS electrodes, are achieving
significant improvements in discrimination tasks as well. Patients implanted with the
Hybrid S electrode continue to demonstrate improvement in CNC scores beyond 1-2 years
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after activation in the combined mode (Reiss et al., 2007). At the time of publication of the
Hybrid 10 clinical trial, 68 of 87 patients in the multi-center trial had follow-up lengths of
greater than 9 months. Improvements in speech reception threshold (SRT) or CNC word
score occurred in 74% of patients. Nearly half of patients (48%) had improvement in both
SRT and CNC scores. Improvement on CNC testing ranged from 10% to 70% better than
preoperative scores for 45 of 61 patients with long term follow-up (Gantz et al., 2009).

For those implanted with the Hybrid L24, word recognition scores improved by 21% on
average; one patient demonstrated improvement from 5% to 95% on the Freiburg
Monosyllabic word test (Lenarz et al., 2009).

Some patients score above 90% on the CNC monosyllabic word test in the combined mode
with all electrodes. Patients implanted with the FLEXEAS electrode also scored well.
Preoperative open set sentence recognition was 24% and after 12 months of use scores
averaged 71% (p<0.05). Monosyllable recognition also improved; preoperative scores averaged
16% on the FMS test and postoperative scores averaged 44% (p<0.05). One patient in this
cohort achieved scores over 90% discrimination post-operatively (Gstoettner et al., 2008).

Although cochlear implants significantly improve speech understanding in quiet, traditional
CI users have difficulty in noisy environments. Distinguishing the correct words in a
background of competing talkers is an even more difficult task. Normal hearing listeners are
able to understand 50% of the presented words when the background noise is 30 dB louder;
thus normal hearing listeners have a signal to noise ratio (SNR) of -30 dB (lower numbers
are better). For competing talkers, the average SNR in normal hearing listeners is -15 dB
(Turner et al., 2004). The average long electrode user requires a SNR of +3 dB for
unmodulated background noise and +8 for multitalker babble (MTB), meaning that the
talker has to be 3 dB louder than competing noise or 8 dB louder than MTB (Nelson et al.,
2003; Gantz et al., 2006).

Hybrid S recipients perform much better than traditional CI patients but not as well as
normal hearing listeners in background noise. SNRs varied from -12 to +17 dB in a subgroup
of 27 Hybrid S patients with 12 months or greater experience. The average SNR for the
Hybrid S group was -9 dB (Gantz et al., 2009). Elevated SNRs occurred in those patients who
experienced >30 dB changes to their LF hearing. The results for Hybrid S patients in MTB
are similar to hearing impaired patients with SRTs between 81-100 dB (severe/ profound).

Patients receiving the Hybrid L electrode also improved their SNR when tested in the
combined mode. The average SNR preoperatively was +12.1 dB and postoperatively the
SNR dropped to +2.1 dB (Lenarz et al., 2009).

Those with the FLEXEAS electrode also improved speech understanding in noise.
Preoperative open set sentence scores in SNR of +10 were 14% and after 1 year in the EAS
mode scores averaged 60% (p<0.05) (Gstoettner et al., 2008).

Music appreciation has been a part of the research protocol for the Hybrid S/L trials.
Subjects with preserved LF hearing have a distinct advantage in a number of music
processing functions when compared to the traditional CI recipients. Pitch perception is one
of the most basic functions of the auditory system with respect to music appreciation.
Hybrid users perform better on these types of tasks when compared to long electrode users
but are still significantly poorer-performing than normal hearing listeners (Gfeller et al.,
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2007). When provided with lyrics to easily recognizable American songs, Hybrid users were
able to identify the songs correctly 65-100% of the time, similar to normal hearing listeners.
When the lyrics were removed and only the melody was presented, Hybrid patients did less
well (50% correct) but still much better than traditional long electrode users (<10% correct)
(Gfeller et al., 2006).

The clinical trials of A + E patients are still in their early years; therefore the issue of long-
term success rates still deserves attention. A recent study retrospectively analyzed low
frequency hearing stability over time. These patients met criteria for hybrid implantation at
the beginning of the study period (Yao et al, 2006). Adults demonstrated stable low
frequency thresholds (changing only 1 dB per year over periods as long as 25 years),
however for children the rate of hearing loss was generally larger and much more variable.
The stability of low-frequency thresholds in actual A + E patients over long periods of time
remains to be determined.

4. Technical issues

The goals and theories behind the development of techniques to preserve residual hearing
preservation following cochlear implantation encompass more than merely inserting a
standard length electrode into the cochlea under modified technique.

The loss of residual acoustic hearing during implantation is multifactorial. Electrode design,
surgical technique and host responses to insertional trauma all likely contribute to
postoperative hearing change and ultimately patient outcomes.

The diameter, stiffness, and length of standard intracochlear electrodes may induce
substantial intracochlear damage. Histological evaluation of the cochlea after insertion of an
electrode in human cadaver temporal bones demonstrated a wide range of damage to inner
ear structures, including the basilar membrane, osseus spiral lamina and cochlear hair cells
(Fayad et al., 1991; Eshraghi et al., 2003). Electrode position and structural damage to the
cochlea can be quantified in cadaveric studies using the scale described by Eshraghi and
Van De Water (2006) (Table 1). Using this scale and objective electrophysiological testing of
the hearing threshold (i.e, DPOAEs and ABRs) in animal models of cochlear implant
electrode trauma, experience has shown that most of the causes of postoperative hearing
loss after cochlear implantation can be minimized by electrode design and optimized
surgical technique (Eshraghi et al., 2003; Balkany et al., 2002).

Grade 1: No cbservable macroscopictrauma
Grade 2: Elevation of basilar membrane
Grade 3: Dislocation of electrode to scala vestibuli

Grade 4: Fracture of osseous spiral lamina or modiolus, or tear in tissues of
stria vascularis / spiral ligament complex

Table 1. Grading system: Cochlear trauma postelectrode array implantation. (Modified
from: Eshraghi et al., Comparative study of cochlear damage with three perimodiolar
electrode design. Laryngoscope 2003;113:415-419)
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4.1 Electrode features

Taking into consideration the frequency-specific nature of the cochlea, partial insertion of
standard length electrodes (Nucleus CI22M, CI24M and Nucleus 24 Contour, the Med-EL
Combi 40+ and the Advance Bionics HiFocus II) was originally considered in an effort to
preserve acoustic hearing in the low tones. All standard electrode arrays are designed to be
inserted to a depth exceeding 1 complete turn of the cochlea from base to apex, or 360° (Fig.
2). Reports in the literature have shown the ability to preserve some residual hearing even
when a standard electrode array is fully inserted into the scala tympani (Hodges et al., 1997;
Balkany et al., 2006). However, passing a standard length electrode beyond the basal turn of
the cochlea can result in damage to the organ of Corti due to migration of the electrode
through the basilar membrane. Therefore, it is difficult to consistently maintain speech
discrimination in addition to pure tones when electrodes are passed beyond the basal turn
(Balkany et al., 2006).

1000 Ha

Fig. 2. Insertion depth, and frequency map of the cochlea. SL=Spiral Lamina, OW=0Oval
Window, RW=Round Window, C=Cochleostomy

In 1995, the University of Iowa CI research team began development of a shortened
electrode array based on the Nucleus CI-24 implant in collaboration with the Cochlear
Corporation. The first design, “Hybrid S8” has a reduced diameter of 6mm x 0.2 mm x 0.4
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mm electrode with six channels. Later, the lowa/Nucleus Hybrid (short-electrode) device
was then lengthened to 10 mm, with the electrodes placed at the distal 6 mm, the Hybrid
S12 (Fig. 3). Unique features of the Hybrid electrode include a Dacron collar to limit the
intracochlear placement to 10 mm and a titanium marker to orient the electrode contacts
toward the modiolus. The ideal insertion depth is approximately 195° of the basal turn of
the cochlea (Roland et al., 2008).

= S ———| = 22
:v-ﬁ-—u—u-c-ﬂ—'-"H'”__'{EEhhu'H' ..... : S electrodes
Nucleus £ Cis12 |
Contour Advance |

——

Nucleus & Hybrid L24 |

@ DU3500.25 - DL65x0d mm

Nucleus © Hybrid 512 |
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1
m e e L e — slectiodas

Med-El'& Combl 40+
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|

PR ETE

Med-El & FLEXES

slecirodes

B O

0.3 = 1. 308 mm

3
1]

Fig. 3. Examples of various CI electrode arrays.

Another short electrode has been developed in conjunction with the Cochlear Corporation,
the Hybrid L24, which is 16 mm length and contains 22 electrodes. The optimal insertion is
through 250° of the basal turn of the cochlea. This longer electrode would still preserve
residual hearing in the apical portions of the cochlea, but if the low frequency hearing is lost
the Hybrid L can be used as a traditional electric-processing only device as it has 22
electrodes, similar to a standard electrode (Fig. 3).

In 2004, Med-El Corporation launched a new atraumatic prototype electrode carrier FLEXEAS
in an attempt to minimize the forces generated during insertion and thereby to increase the
rate of residual hearing preservation to allow for E + A hearing. Their standard length
electrode, the Combi 40+, has a goal insertion length of 31 mm. The shortened electrode, the
M, is 22 mm in length and the electrode includes a significantly reduced diameter of the
distal portion of the electrode with a flexible tip (Fig. 3). This FLEXEAS electrode can be used
for both cochleostomy and round window insertion techniques (Hochmair et al.,, 2006).
Human temporal bone studies confirmed the intended mechanical properties for safe and
atraumatic insertion (Adunka et al., 2004).
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5. Surgical technique
5.1 Surgical approach

As in all cochlear implant surgeries, an antromastoidectomy is performed, followed by a
posterior tympanotomy to visualize the round window niche. The facial recess must be
opened to allow complete visualization of the round window. The incudal buttress is
preserved and care is taken to leave the ossicular chain intact and untouched. The bed for
the receiver/stimulator is prepared before entry into the middle ear. In most temporal
bones, the round window cannot be directly viewed until its bony overhang has been
properly removed. The round window niche is saucerized with a 1.5 mm diamond burr to
expose the round window membrane fully.

Fig. 4. Cochleostomy anteroinferior to the round window (green dotted lines) and
introduction of the electrode array into the scala tympani. The electrode must be directed
parallel to the posterior canal wall to ensure the electrode is directed into the basal turn of
the cochlea (yellow arrow). C=Cochleostomy, EA=Electrode Array, I=Incus, RW=Round
Window, S=Stapes, SL=Spiral Lamina, ST=Stapedial Tendon.
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The position and technique of creating the cochleostomy is critical to preserving residual
hearing. To standardize the placement of the cochleostomy, it is placed in the anterior
inferior quadrant of a box created by drawing a line at the superior margin of the round
window and one that crosses perpendicular at the inferior aspect of the round window.
Creation of the cochleostomy is begun in the inferior portion of the quadrant, slowly
saucerizing the otic capsule bone with a 1.5 mm diamond bur. This position allows a
“straight” path into the basal turn of the scala tympani and avoids the osseous spiral lamina
when entering the scala tympani (Fig. 4). The cochleostomy hole is drilled so that the “blue-
line” of the endosteum will be visible. If the cochleostomy is too far superior, adjacent to the
spiral ligament, a whitish color will be evident. A 0.5 mm diamond bur is used to penetrate
the final layer of bone and the cochleostomy drilling is done at a slow speed.

Care is taken to use sufficient irrigation to avoid heating the cochlea. Contact with the
bone over the facial nerve by the revolving drill shaft must be avoided, since this will heat
the bone and may result in a thermal injury to the facial nerve itself. Entry into the scala
tympani should not occur until bleeding is controlled and bone dust has been removed
from the field.

Several other steps occur prior to cochlear entry. To assist immediate and complete sealing
of the cochleostomy hole, a 1.5 x 1.5 mm graft of the temporalis fascia is created and then
perforated centrally. The electrode is then passed through this perforation. When
implanting the Hybrid S12 it helps to secure the electrode within the mastoid. This is
accomplished by drilling a pair of 1 mm holes in the cortical overhang of the tegmen
mastoideum. A 4-0 nylon suture is then passed through these holes and the electrode is
passed through the loop. The suture is then tied down laterally to secure the electrode. This
suture helps to stabilize the orientation of the electrode contacts toward the modioulus and
ensures that the electrode is secure within the scala tympani.

5.2 Electrode insertion

Immediately prior to electrode insertion, the surgeon should check that all preliminary steps
have been completed. The endosteum is incised using a 0.2 mm right-angle hook to open the
scala tympani. The diameter of the cochleostomy varies from 0.5-1.5 mm depending on the
electrode used. Some surgeons advocate placing a trapezoid silicon sheath in the posterior
tympanotomy and mastoid to guide the insertion of the electrode and to limit contamination
of the electrode with blood or bone dust. To facilitate electrode insertion, the surface may be
coated with surgical lubricant such as hyaluronic acid. Some surgeons place a drop of
crystalline triamcinolone solution (Volon A®) in the cochleostomy hole and then seal the
cochleostomy with a drop of hyaluronic acid (Healon®) to prevent the corticosteroid
solution from being flushed away.

The time the cochlea remains exposed should be minimized. Once the cochlea is opened, the
electrode is then inserted gently and slowly into the scala tympani. Regardless of the type of
electrode, it's important that the electrode parallel the posterior canal wall to ensure the
electrode is directed into the basal turn of the cochlea (Fig. 4). The tip of the electrode is
guided into the cochleostomy using a smooth forceps; at no point is the electrode lead
circumferentially grasped or forcefully pushed into the cochlea. To minimize intrascalar
pressure waves and to allow a compensational outflow of perilymphatic fluid, the electrode
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insertion is carried out slowly, over a period of approximately 1-2 minutes. During the
insertion of the electrode, the residual cochlear function may be monitored via evoked
auditory brainstem response (ABR) if a waveform is present. The surgeon must pause
during the insertion to allow for the ABR data to be collected. If changes in the ABR are
noted, the insertion proceeds at a slower rate.

The electrode is advanced to the fascia “washer” to ensure a tight seal, and the tegmen
mastoideum suture is secured. Sealing of the cochleostomy site and the electrode fixation
also can be achieved with injection of fibrin glue (Beriplast®). Because of the desire to
preserve residual hearing, the middle ear is not packed with muscle or fascia. The mastoid
periostium should then be closed completely over the receiver/stimulator and the electrode.
The skin and soft tissues are then closed in the standard fashion.

5.3 Cochleostomy versus round window insertion

During the early years (prior to Lehnhardt et al.’s description of a soft surgery technique in
1993) of cochlear implantation emphasis was on implanting a safe and reliable electrode
array into the bony cochlear channel. Entrance was obtained via the round window (as the
reliable landmark) but relatively stiff multichannel electrode designs and the hook region of
the cochlea led to difficult insertions and injury to the osseous spiral lamina. This bony
structure transmits the peripheral auditory nerve fibers. Damage to this delicate bone could
then negatively impact a patient’s ability to perceive sound provided by the CI. As a result,
the round window technique originally used in cochlear implantation was abandoned
because of concerns that the angle of insertion lead to trauma of the osseous spiral lamina. It
was then proposed that by drilling the promontory bone, one could reliably gain access to
the intracochlear lumen. This procedure has been generally known as the cochleostomy. The
classic cochleostomy approach has become popular among most otologists as it provides
reliable access to the scale tympani of the cochlea.

Briggs et al. (2005) studied 27 temporal bones and described the complex anatomy of the
hook region of the cochlea, especially in relation to the optimal placement of the
cochleostomy for electrode insertion during hearing preservation surgery. They
recommended that the cochleostomy be performed directly inferior to the round window
membrane through the crista fenestra (the ridge of bone immediately inferior of the round
window membrane) to minimize intracochlear damage during electrode insertion.

However, with the creation of softer, more flexible electrode arrays some authors have
revisited the concept of a round window insertion technique. Adunka et al. (2004) described
a method of cochlear implantation using the round window membrane insertion technique
in eight human fresh temporal bones. Using the standard Combi 40+ and the FLEXEAS
electrode, manufactured by Med-El, they implanted these electrodes through the round
window membrane. Using the electrode insertion trauma (EIT) grading system (Table 1),
they found that the round window insertion was less traumatic, especially in the basal parts
of the cochlea, compared with the cochleostomy approach.

There are proponents of both approaches (Roland et al., 2008; Adunka et al., 2004; Gantz et
al., 2005; Skarzynski et al., 2007; Wright & Roland, 2005). However, it should be noted that
the angle of insertion for round window electrode insertion is not anatomically
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straightforward and should only be considered for patients who have laterally facing round
window membrane.

A bony cochleostomy is appropriate for most patients and can be fashioned to receive the
different commercially available electrodes. The Cochlear Corporation Hybrid S12 and L24
are designed to be inserted through a bony cochleostomy. The Med-El FLEXEAS can be
inserted through either a cochleostomy or a round window insertion.

6. Post-implantation hearing loss: Potential causes & therapy

Despite advances in both surgical techniques and new less traumatic electrode designs some
patients still lose some or all of their residual hearing after implantation.

A recent study in rats characterized the hearing loss following EIT. Eshrahgi et al. (2005)
reported an initial hearing loss of 25 to 35 dB sound pressure level (SPL) and then a
progressive loss of hearing of an additional 15 dB SPL postimplantation (i.e.; Days 0-7) for
all of the frequencies tested (i.e.; 4-32 kHz). Subsequently these investigators confirmed the
same pattern of hearing loss due to EIT in a guinea pig model (Eshraghi et al., 2006). The
cochleae of control guinea pigs and implanted guinea pigs were removed at 12, 24, and 36
hours after surgery for analysis. Interestingly, they observed changes in nuclear morphology
(i.e. nuclear condensation and fragmentation) of the sensory hair cells of the traumatized
cochlea at a site distal to the initial site of EIT that are consistent with apoptosis.
Furthermore, there was a progressive increase in terminal deoxynucleotide transferase-
mediated dUTP nick-end labeling (TUNEL)-labeled hair cell nuclei in the traumatized
cochlea over time compared with the contralateral control cochlea, consistent with apoptotic
cell death in hair cells remote from the electrode insertion site.

Many additional animal studies confirmed that the insertion of a cochlear implant electrode
array causes cellular injury on a molecular level that cannot be correlated to the degree of
direct physical trauma. With these observations, grade 0 physical trauma is now considered
as no observable macroscopic damage, but with the possibility of damage on a molecular
level that results in EIT-induced hearing loss (Table 1).

6.1 Mechanism of cell death

Auditory hair cells may die via necrosis, necrosis-like programmed cell death (PCD),
apoptosis, or any combination of these mechanisms in response to a variety of insults
(eshraghi et al., 2006; Do et al., 2004). The insertion of a cochlear implant electrode array into
the scala tympani can directly kill residual hair cells via necrosis. It can also lead to oxidative
stress within the damaged tissues of the cochlea resulting in the apoptosis of hair cells and
subsequent loss of hearing. Necrosis is a passive consequence of an overwhelming injury to
a cell and is marked by nuclear swelling and lysis of the affected cell. The lysis of the cell
results in exposure of the intracellular contents to the extracellular environment and
provokes an inflammatory response. The inflammatory response itself may cause further
localized tissue destruction as inflammatory cells are recruited to the injured site.

In contrast to necrotic cell death, apoptosis (type 1 PCD) and necrosis-like programmed cell
death (type 2 PCD) are associated with an active cell death process and involve a series of
biochemical intracellular signaling events that occur in response to injury (Fig. 5). After an
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insult, PCD protects the organism by removing cells that have sustained sufficient
damage to become potentially harmful to the integrity of a tissue or organ. The cytoplasm
and nuclear chromatin of the injured cell condense; ribosomes and mitochondria
aggregate; and the cell begins to die by forming cellular fragments called apoptotic
bodies. While there is blebbing in the plasma membrane, its integrity is largely retained so
that, unlike necrosis, and an inflammatory response is not initiated. The biochemical
cascade within an apoptotic cell involves the orderly fragmentation of DNA. These
fragments, called nick-ends, offer multiple sites for labeling with chemicals during
preparation of tissue for examination by microscopy. For example, TUNEL allows for the
objective identification of cells dying by apoptosis.

Apoptosis is a tightly controlled process within the cell. Members of the Bcl-2 family of pro
(e.g., Bax and Bid) and antiapoptotic (e.g., Bcl-2 and Bcl-Xy) proteins, cytochrome c and
some of the members of the family of caspase proteases all regulate entry into PCD (Hertz et

Mitogenic signals,
Cytokines, Oxidative Stress,
Antigen receptor ligation.

Procaspase-2 MiKs
Procaspas-10

| Tk
.J MAPKKKs

ASK1
Caspase-1,/5
Caspase-2 |

Procaspase1/5
Procaspase2 -

Caspasa-10

05
Caspase-7 g
Caspase-6 ¥——010 . b

Caspase-2

Smac

b Cyvtochrome-c —p Apaf-1

Fig. 5. Overview of caspase pathway and signal transduction cascades involved in apoptosis.



Cochlear Implant Surgery 15

al., 2005; Kim et al., 2005). Caspases are a family of aspartate-specific cysteine proteases,
which exist as latent intracellular zymogens (Van De Water et al., 2004). Effector caspases,
once activated, selectively cleave distinct intracellular substrates that lead to the dismantling
of a cell’s architecture, DNA, signaling apparatus, and restorative repair mechanisms. The
sequence of caspase activation shows that distinct cascades are activated depending on the
specific pathology, conditions employed, and the cell type. At present, caspases 8, 9, and 3
are known to be involved in the apoptosis of physically damaged hair cells (Nicotera et al.,
2003), caspases 5, 6, 7 and 10 are suggested to participate in the apoptosis of hair cells in
response to physical trauma (Do et al., 2004; Van De Water et al., 2004) (Fig. 5). The
underlying events include loss of mitochondrial transmembrane potential, release of
cytochrome c from the damaged mitochondria into the cytoplasm, formation of an
apoptosome, sequential activation of activator and then effector procaspases, and a
subsequent increase in lipid peroxidation of cellular membranes.
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Fig. 6. The MAPK/JNK cell death signal cascade and the site of activation of many
pharmacologic inhibitors that have been demonstrated either to block or partially to block
different points within this signaling pathway. The mechanism of activation by which D-
JNK-1 blocks the actions of JNK, with c-Jun being used as the example of a major
downstream target.



16 Cochlear Implant Research Updates

Another proposed molecular pathway for cellular insult to apoptosis is via the activation
and expression of immediate early genes, such as c-jun (Atkins et al., 1996). Jun:Jun
homodimers and Jun:Fos heterodimers are major components of the activator protein-1 (AP-
1) transcription complex (Fig. 6). Strong c-Jun/AP-1 activation is found in apoptotic cells
during the process of naturally occurring (programmed) cell death in the developing rat
brain (Ferrer et al., 1996). The phosphorylation cascade necessary for c-Jun activation has
also been established. In response to a variety of cell injuries, c-Jun N-terminal kinase (JNK)
phosphorylates c-Jun, stimulating its ability to activate transcription of target genes. ]NK is a
member of the MAP kinase family and is itself regulated by a phosphorylation via a kinase
cascade (Kyriakis & Avruch, 1996; Derijard et al., 1995) (Fig. 6). This JNK/c-Jun cell death
pathway contributes to the loss of hair cells and auditory neurons in response to oxidative
stress (Pirvola et al., 2000; Scarpidis et al., 2003; Wang et al., 2003).

6.2 Pharmaceutical approaches and drug treatment

To maximize hearing preservation after electrode insertion and to enhance the performance
of the cochlear implant, direct delivery of pharmacological agents to the inner ear is under
active investigation. The invasive nature of cochlear implant electrode insertion itself
provides both an opportunity for direct local drug delivery and a platform for the
development of a delivery device, e.g., syringes, osmotic pumps, cochlear prosthesis-based
delivery and other newer devices have been employed.

6.2.1 c-Jun N-terminal Kinase (JNK) inhibitors

To prevent apoptosis of injured auditory hair cells, one strategy involves the use of a highly
effective peptide JNK inhibitor (D-JNKI-1). D-JNKI-1 (also known as AM 111) is a cell-
permeable peptide which acts by interrupting the MAPK/JNK signal cascade at the level of
the three JNK molecular isoforms. This inhibition prevents the phosphorylation of c-Jun,
and thus disrupts the formation of an AP-1 transcription factor. D-JNK-1 also prevents the
JNKSs from disrupting the activity of antiapoptotic members of the Bcl-2 family and inhibits
activation of other JNK targets (e.g., ATF-2) (Figs. 5, 6).

A previous study using D-JNK-1 has demonstrated that this inhibitory peptide can prevent
loss of both hearing capacity and hair cells in animals challenged with exposure to either a
damaging level of sound trauma or to an ototoxic level of aminoglycoside antibiotic (Wang
et al., 2003). Using guinea pig models of cochlear implant trauma Van de Water, et al,,
showed that treatment with D-JNK-1 prevented the progressive increase in ABR thresholds
and decrease in DPOAE amplitudes that occur after electrode insertion trauma (Eshraghi et
al., 2006). In another study, Barkdull et al. (2007) confirmed the efficacy of D-JNKI-1 in
preventing hearing loss caused by inflammation.

D-JNKI-1, represent promising potential therapeutics for the prevention of hearing loss
during electrode insertion in partial hearing patients. In sum, the delayed progressive
component of EIT- hearing loss may be mitigated by treating the cochlea immediately after
insertion with a JNK inhibitor. Further research in this area is ongoing,.

6.2.2 Caspase inhibitor therapy

Among antiapoptotic agents, the general caspase inhibitor z-VAD-FMK (carbobenzoxy-
valyl-alanyl-aspartyl-[O-methyl]-fluoromethylketone) is also currently under investigation.



Cochlear Implant Surgery 17

Z-VAD-FMK is a cell-permanent pan-caspase inhibitor that irreversibly binds to the
catalytic site of caspase proteases thus inhibiting apoptosis. To be effective, Z-VAD-FMK
should be added at the same time that apoptosis is induced (Wang et al., 2004).

Animal experiments have shown caspase inhibition by Z-VAD-FMK can rescue hair cells
from the lethal effects of aminoglycosides or cis-platinum (Wang et al., 2004; Matsui et al.,
2003). Do et al. (2004) found in their mouse model of implantation trauma that the use of cell
death inhibitors (e.g., pancaspase inhibitor Z-VAD-FMK and specific inhibitors to caspase 3,
5, and 6) significantly protected the hearing in response to hydraulic trauma.

6.2.3 Mild hypothermia therapy

Necrosis is generally thought to occur rapidly and therefore is thought to be very difficult to
reverse with most otoprotection treatments, e.g. z-VAD-fmk or JNK inhibitors. Reasonable
approaches to the prevention of trauma induced necrosis of hair cells would be to either
prevent the insult from occurring (e.g. modified surgical approach) (Eshraghi et al., 2003) or
to slow the metabolic response of a cell to injury as can be accomplished by the application
of protective hypothermia (Balkany et al., 2005).

Hypothermia has been shown to have a protective effect in the brain following a traumatic
injury (Busto et al., 1987; Dietrich et al., 1994; Kil et al., 1996). The beneficial effect of
hypothermia on neuronal injury has been attributed to a variety of mechanisms. These
include a reduction in metabolic rate, reduced tissue oxygen consumption, decreased
metabolic acidosis, a suppression of calcium influx into neurons, diminished nitric oxide
production, and a reduction in the level of glutamate excitotoxicity (Hyodo et al., 2001).

Hypothermia has also been demonstrated to reduce brain damage following ischemia by
limiting the extent of oxidative stress (Zhao et al., 1996). More recently, it was reported that
hypothermia could protect against noise-induced hearing threshold elevation in mice
(Henry, 2003). In a recent study, it has been shown that mild hypothermia can reduce the
immediate component of trauma-induced hearing loss and prevent the progressive
component of loss of auditory function following cochlear electrode insertion in the rat
model of cochlear implantation trauma-induced hearing loss (Balkany et al., 2005).

6.2.4 Glucocorticoid therapy

Glucocorticoid receptors are expressed in the inner ear. In the adult rat cochlea, they are
expressed in the stria vascularis, the organ of Corti and the spiral ganglion neurons. At the
cellular level glucocorticoids provide a wide spectrum of cytoprotective activities, including
antioxidant and homeostatic effects. In vitro experiments have shown that steroids have a
protective effect on cultured hair cells. Further, tumor necrosis factor a, an important
inflammatory mediator, is released after injury of the cochlea and induces the loss of
auditory hair cells; an effect which is inhibited by dexamethasone. Experiments performed
on guinea pigs showed that local treatment of the cochlea with dexamethasone reduces EIT-
induced hearing loss (James et al., 2008).

A number of groups have investigated the use of steroids using a variety of delivery
methodologies (e.g., elution from the electrode carrier, intracochlear injection prior to
electrode insertion, delivery through a gel-filled reservoir in the electrode carrier],
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demonstrating efficacy in the protection of hearing after mild to moderate levels of trauma
(James et al., 2008; Eshraghi et al., 2007; Ye et al., 2007; Vivero et al.,, 2008). Thus,
glucocorticoids represent another class of potential therapeutical compounds to mitigate
hearing loss following cochlear implantation.

7. Conclusion

Preservation of residual hearing provides significant audiologic advantages and enhances
overall performance in patients receiving cochlear implants; preservation of residual
hearing should be a goal of all future CI surgeries. This requires intimate knowledge of
cochlear microanatomy and careful microsurgical techniques to limit intracochlear damage.
In addition, emerging otoprotective therapeutic strategies may help maintain residual
auditory function after implantation. Taken together, these microsurgical and therapeutic
strategies should lead to improved outcomes for cochlear implant recipients.
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1. Introduction

House 1 introduced the classic surgical technique for cochlear implantation. This surgical
technique consists of a mastoidectomy and a posterior tympanotomy and this approach is
still worldwide the most frequently used technique for cochlear implantation. This classic
surgical technique uses a complete mastoidectomy with an attempt to leave a bony
overhang posterior and superiorly to capture the proximal electrode lead 23. After the
complete mastoidectomy a posterior tympanotomy is performed with special attention to
the facial nerve and the chorda tympani. Through the large posterior tympanotomy
(intraoperative facial nerve monitoring is mandatory) a cochleostomy can be performed for
electrode insertion. The classic technique has proven to be sufficient in the vast majority of
cochlear implantations. Still complications concerning the facial nerve can occur due to the
fact of drilling within a millimetre of the facial nerve making the posterior tympanotomy 45
To avoid negative side effects as a temporary or permanent injury to the facial nerve
Kronenberg et al ¢, Kiratzidis 7 and later Hausler 8 designed a different approach in which no
mastoidectomy was needed to create the pathway towards the cochleostomy. These new
cochlear implantation techniques without a mastoidectomy and a posterior tympanotomy
seem to be safe and effective procedures. After experienced the classic approach of cochlear
implantation our cochlear implant team moved over to the new innovative alternative
surgical approach introduced by Joan Kronenburg in 2001. Our first positive experiences
with the suprameatal approach and our modifications have been published in 2004 9. Our
method consists of a number of following steps as shown in the table 1.

Steps in our approach for cochlear implantation

1 Retroauriculair skin incision : middle ear approach

2 Creating of the suprameatal tunnel towards incus :
Making a connection between middle ear and tunnel

3 Second temporal incision to create the well for the cochlear implant device

4 Subcutaneous subperiostal tunnel between two incisions (plastic canula)

5 Imbedding implant in temporal area with guiding the active array (and ball
electrode) towards retro auricular incision.

6 Creating cochleostomy through external auditory canal.

7 Insertion of the array via combined approach into the cochlea

Table 1.
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Fig. 1. Small retroauriculair incision (stepl)
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2. Retroauriculair skin incision: Middle ear approach

All our patients are operated in general anaesthesia. After sterile draping the incisions and
the site for the internal processor are marked . After local sub and intra cutaneus injection of
adrenalin 1:100.000 the first retroaricular incision (5mm from the tragus fold) of 2 cm is
made. The periost is cut in and elevated to explore the introitus of the external ear canal. The
skin of the canal is elevated without opening the external ear. The annulus of the eardrum is
carefully elevated and special attention is given to the course of the chorda tympani. The
middle ear will be inspected then. Important anatomical structures to distinguish are the
round window nice and the stapes incus complex. In cases of a curved bony external ear
canal sometimes lateral some bony “overhang” need to be removed to facilitate optimal
view into the middle ear and to ease the cochleostomy in a later phase of the surgery. The
position of the cochleostomy is located by the point of junction of a line drawn anteriorly
from the middle of the round window niche intersecting a line drawn inferiorly from the
oval window niche. The middle ear area is now filled with a sterile sponge to prevent
entering bone dust in the middle ear and to open the middle ear approach.

Fig. 2. Middle ear approach by retroauriculair incision (step1)
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Fig. 3. Creating of the suprameatal tunnel towards incus : Making a connection between
middle ear and tunnel (step 2)

3. Creating of the suprameatal tunnel towards incus: Making a connection
between middle ear and tunnel

In the following phase of our approach a small tunnel is drilled from the suprameatal spine
towards the body of the incus. Preoperatively thorough analyzing op the preoperative CT-
scans of the operating ear is obligator. Axial and coronal images predict the state of the
mastoid and the space for the creation of the suprameatal tunnel. According the scans one
can decide whether to perform the alternative approach for cochlear implantation or not. On
the other hand it is of course always possible to change from our alternative technique to the
classical approach in cases anatomical variations. In our series we have only changed
towards the classical method in two cases. The small bony tunnel canal is drilled from
behind the suprameatal spine to the posterior attic. When the pneumatized mastoid is
opened with a sharp 5 mm drill the next orientation point is the horizontal semicircular
bony canal near the short process of the incus. A limited posterior atticotympanotomy is
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performed to visualize the short process if the incus. The space between the lateral edge of
the short process of the incus and the canal wall is now opened and must be enlarged by
drilling with the diamond burrs ( 1.5 - 2 mm). The long process of the incus becomes
visible and in most of the cases the incudo-stapedial joint can be observed. Introducing
the gentle curved pick needle through the created opening between incus and canal wall
the pathway for the array towards the cochlea in the middle ear is tested. Using this
approach there is no danger for the facial nerve and the chorda tympani. When we decide
that the this supra tympanotomy approach is sufficient for the introduction of the array a
second sterile sponge is placed in the created tunnel. The retro auricular incision is closed
with one temporary suture.

Fig. 4. Second temporal incision to create the well for the cochlear implant device (step 3)
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4. Second temporal incision to create the well for the cochlear implant device

Different from the classic method of implantation and the methods describes by Kronenberg
Kiratzidis and other we do not extent the retro auricular skin incision superoposteriorly to
expose the temporomastoid region for the drilling of the well for the device. To keep the
natural tension of the skin and the periost of the temporomastoid region we make a small
semicircular skin incision with a diameter of about 2.5-3 cm at the site where the well for
the device is planned. When the skin and the subcutaneous tissue is elevated the periost
covering the temporal bone is incised with an opposite semicircular periost incision. With
this modification the two incisions will not be in the same level and the skin/periost tension
over the implanted device is distributed equally this way. According the size of the cochlear
implants used the well can be created through the second skin incision. Because of the
semicircular shape of the incision optimal room is created for the implantation of the device
without losing much tension of the skin and periost. Tie-down holes are not necesssary
using our procedure. The tension of the skin and periost keep the implant safe in the well of
the temporal bone. When the well is created a subperiost tunnel in created between the
“well incision” and the retro auricular incision. A sterile plastic canula with a diameter of
about 3 mm is inserted in this sub periostal tunnel.

At this moment the cochlear implant device is unpacked and introduced into the “well
incision” after making sub periost room for the magnet. The array (and the ball electrode)
are introduced into the plastic canula. This canula is then gently pulled towards the retro
auricular incision presenting the array (and the ball electrode) near the suprameatal tunnel.
The “well incision” is now sutured in two layers.

Fig. 5. Creation of the well for the cochlear implant device (step 3)
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5. Creating cochleostomy through external auditory canal

Having the array near to the cochlea the time has arrived to create the cochleostomy. The
two protecting sponges are removed and the suprameatal tunnel and middle ea are cleaned.
At the point where a junction of a line drawn anteriorly from the middle of the round
window niche intersecting a line drawn inferiorly from the oval window niche a
cochleostomy is created through the external ear canal. With a 1.5 diamond burr, the bone of
the promontory is drilled away to a dept of approximately 1.5 mm until the endosteum of
the scala tympani is visualized. Then a 1-mm bur is used to complete the bony removal,
with an attempt to leave the endosteum intact until all bone work is done. With a sharp pick
the endosteum is incised and the sharp bony edges of the cochleostomy are removed. The
undersurface of the basilar membrane is now visible and lumen of the scala tympani is open
to insert the array of the cochlear implant. It is important to attempt to limit the amount of
bone dust into the cochlea to prevent new bone formation in the inner ear.

Fig. 6. Subcutaneous subperiostal tunnel between two incisions (plastic canula) (step 4)
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Fig. 7. Imbedding implant in temporal area with guiding the active array (and ball
electrode) towards retro auricular incision. (step 5)
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Fig. 8. Closure of the 2nd temporal incision (step 5)

6. Insertion of the array via combined approach into the cochlea

After the creation of the cochleostomy the electrode insertion can be performed. Using
instruments as a micro-jeweller forceps, insertion claw, suction tip or angled pick the
electrode is guided through the suprameatal tunnel towards incus. The tip of the electrode is
than introduced into middle ear along the long process of the incus. Via the external ear
canal the tip of the electrode is now visible and can be guided towards the cochleostomy.
Prior to the insertion we use a drop of lubricant hyaloron acid (Healon) to ease the insertion
of the electrode. The electrode is now gently inserted into the cochlea advancing the array 1
to 2 mm at the time. Halfway the insertion (white mark Nucleus device) the stylet of the
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Fig. 9. Creating cochleostomy through external auditory canal and insertion of the array via
combined approach into the cochlea. (step 6 &7)
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array is gently removed while the array is pushed off-stylet in to the cochlea. Using the
insertion claws a total insertion is pursued and will be possible in almost all the cases.
Sometimes some tiny pieces of fascia can be placed around the electrode at the cochleostomy
area. When the implantation of the electrode into the cochlea is performed the array is fixed
in the opening of suprameatal tunnel by local bone dust. The retroauriculaire incision is now
carefully sutured in two layers and a dressing of the external ear canal is placed through the
external meatus. At this point the implanted device is tested by electrophysiological or
neural response measurements. A transmitter coil in a sterile endosheath is placed on the
magnet area of the implant. Electrode impedances are measured and other electrically tests
like neural response telemetry ( NRT/NRI) can be performed depending the device used.
These tests are important to assure that the implant is functioning properly and that the
patient receives an auditory stimulus and responds appropriately. In our centre, the 3D-RX,
a way of three dimensional rotational imaging with a mobilized C arm in the OR is now the
standard procedure for illustrating the electrode position in the cochlea right after
implantation. This method is described recently by Carelsen et al ® When all the
electrophysiological or neural response measurements are in favour of a good functioning
implant and patient responses are adequate together with normal imaging of the array in
the cochlea the surgery is ended.

Fig. 10. Closure of the small retroauriculair incision

7. The data of our approach for cochlea implantation

We started our cochlear implant programme in 2003 and, to date, 260 patients have received
their cochlear implant according the suprameatal method. Initially, we started our cochlear
implant programme using the classic method with mastoidectomy and posterior
tympanotomy approach. But soon we altered our cochlear implant strategy in favour of the
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new innovative alternative surgical approach. The mean age of the 260 patients implanted
was 39.6 years (1.0-82.3 years) and the mean duration of deafness was 26.3 years (0.3-66.0
years). The main etiology of the deafness of our cochlear implant group was a congenital
hearing (31.4 %) and a progressive sensorineural hearing ((24.8%). Other causes of deafness
were meningitis (13.3 %) and otosclerosis (6.7%). Prelingual deafness and postingual
deafness accounted for 51.0 % and 49.0 % respectively. Four different types of cochlear
implants have been wused for implantation; the Nucleus®24Countour™ , the
Nucleus®24Countour™ Advance with Softip ™ , Advanced Bionics® HiFocus Helix and
Medel Sonata® Ti1l00. We recorded the duration of surgery for all cochlear implantations.
The mean duration of cochlear implantation was 111.7 minutes. The shortest procedure
accounted for 57 minutes; the longest duration of surgery was 261 minutes which was a
consequence of difficult insertion of the electrode due to otosclerosis of the cochlea. With
respect to the duration of surgery we excluded the time of audiological measurements after
implantation. Studying the data of last years there is no tendency of declination of the
duration time of the surgery. The mean time of surgery stays constant during the study
period which means there is no learning curve with respect to duration of the surgery.
Maximum time of surgery in two procedures was prolonged in 2004 and 2006. In both
procedures the insertion of the electrode was extremely difficult due to otosclerosis of the
cochlea and secondly by a low-lying middle fossa dura. Complication of our approach can
be divided into minor and major complications. The minor complication rate was 23 per
cent. These complications consisted out of tinnitus (7.2%), vertigo postoperatively (5.2%),
eardrum perforation (1.3%), haematoma (1.3%) and other some causes (3.8 %). We did have
one case (otosclerosis) of mild facial nerve stimulation which could be managed by
switching off a number of electrodes. All minor complications were successfully overcome
by conservative therapy. The major complications were five in number. The overall major
complication rate was 3 %. All complications developed postoperatively. The major
complications consisted of extrusion of the implant due to wound infection in two cases, a
fausse route of the electrode 11, a misdirected electrode in severe otosclerosis and a case of
explantation due to psychiatrically illness and pain sensations. All five cases of major were
re-implanted and ended up successfully thereafter except for the patient with the
psychiatrically illness. She still has all kind of complaints in spite of a perfect functioning
device and perfect wound healing. In our series we had one case of a device failure (the
speech recognition declined one year after implantation) which required explantation and
re-implantation. Concerning the hearing gain achieved with the cochlear implants the
average gain for the whole group of adults was almost 84 % CVC. Average preoperative
CVC was 12 %. Of the whole group implanted only two non users of the hearing device
which makes 99,5 % happy users. In a study 12 on the postoperative status of the mastoid
cavity after cochlear implantation with our mastoid saving surgical method we compared
pre- and postoperative protocolair prepared CT-scans of the mastoid cavity of 79 patients. In
76 cases no abnormalities were observed in the mastoid of the operated ear for cochlear
implantation. In two cases of otosclerosis swollen mucosa was observed without any clinical
relevance. In one case (a child) opicafication of the whole mastoid and middle ear was
observed without destruction of the structures of the mastoid. We concluded with others!?
from these data that the delicate structures of the mastoid cavity can be kept intact using a
mastoid saving surgical approach.
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8. In conclusion

Our alternative approach for cochlea implantation has like the methods introduced by
Kronenberg and others been proven a reliable alternative approach for cochlear
implantation. It is a functional approach leaving the delicate structures of the pneumatized
mastoid intact. An important fact of this innovative approach is the safety for the facial
nerve. It is almost impossible to injure the facial nerve or the chorda tympani with this
approach. Bilateral simultaneous cochlear implantation using the alternative approach is
possible and recommended to reduce the extra surgery time. Because of our two small
incisions approach to fix the processor the creation of tie-down holes are not necessary
anymore which reduces the extra risk of infection of the implant. In our opinion it is of great
importance to use the combined approach in cases of anatomical changes of this area as in
severe cochlear otosclerosis. An other great advantage of the suprameatal approach with all
its variations is the possibility to switch over when needed to the classic surgical approach
introduced may years ago.
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1. Introduction

A significant percentage of the populations in developed countries encounter hearing
impairment. Cochlear Implant was developed to increase the hearing capacity of these
people. In recent years, adults and children have benefited from the usage of Cochlear
Implant and the users were positively affected by the improvement of implant techniques.
Although these devices allow for increased performance, a significant gap still remains in
speech recognition between Cochlear Implant user and people, who possess normal
listening capabilities.

The Cochlear implant prosthesis, works with direct stimulation of the auditory nerve cells of
deaf people, whose recipient cells in their cochlea were destroyed (House&Berliner, 1982;
House&Urban, 1979; Christiansen&Leigh, 2002; Loeb, 1990; Parkins&Anderson, 1983; Wilson,
1993). The system basically consists of the following sections; microphone, speech processor,
transmitter, receiver and electrode array. Mainly, implant stimulation systems, signal
processing strategies and techniques in increasing the suitability of the instrument to various
patients were the improved upon this prosthesis. However, new developments in this area
also exist on the configuration of hearing function, especially signal processing strategies.

Speech processing techniques are very important in increasing the users' hearing potential
(Eddington, 1980; Wilson et al., 1991; Dormon et al., 1997; Moore&Teagle, 2002). A variety of
strategies were developed in the recent years with the aim to improve the hearing abilities of
deaf people and take these abilities closer to those of people with natural hearing. Of these,
various speech processing strategies were developed for multi-channel cochlear implants
(Derbel et al., 1994; Cheikhrouhou et al., 2004; Gopalakrishna et al., 2010; Millar et al., 1984).
These strategies can be classified mainly in three parts; waveform strategies, feature
extraction strategies and hybrid strategy (N-of-M strategy).

Wavelet method is a basic method that is used for noise filtering, compression and analysis
of nonstationary signals and images. The wavelet transform is an appropriate method for
semistationary signals and provides a good resolution in both time and frequency. Several
studies were carried out on the use of the wavelet transform for speech processing. The
wavelet transform gives better results than traditional methods in improving speech. The
wavelet packet transform is a type of the discrete wavelet transform that allows for subband
analysis in the second decomposition without any constraints. Basically, the wavelet packet
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transform adapts to the frequency axis and allows decomposition. This particular
decomposition is implemented with the optimization criteria. Studies show that the filter
banks used in the sound strategies of cochlear implants are parallel to the filter banks used
in the wavelet transform. This indicates that the wavelet transform is a method that can be
used in Cochlear implants. However, the author could not find any distinctive study on the
analysis of speech using the wavelet packet transform for speech processing.

In this study, a new strategy, which uses the wavelet packet transform in obtaining the
sequence of the electrode array to be stimulated, is proposed. Thus the stimulated electrode
array is based upon but would be different from the N-of-M Strategy. An experimental
study was performed and analyzed using Turkish words. The words were selected and
grouped based on Turkish sound knowledge, and were recorded in the silent rooms of Ege
University, Department of Otology. The experimental subjects listened to the words for both
the N-of-M strategy and the proposed strategy, thus comparative results were obtained.
Better intelligibility results were attained by the usage of the proposed strategy.

2. Strategies for cochlear implants

Multi-channel implants provide electrical stimulation in the cochlea using an array of
electrodes. An electrode array is used so that different auditory nerve fibers can be
stimulated at different places in the cochlea. Electrodes respond for each frequency of the
signal and hair cells. The ones near the base of the cochlea are stimulated with high
frequency signals while electrodes near the apex are stimulated with low frequency signals.

The various signal processing strategies developed for multi-channel cochlea can be
examined under two main categories: waveform strategies and feature-extraction strategies.
These strategies extract the speech information from the speech signal and redeliver it to the
electrods. The waveform strategies use some type of waveform (in analog or pulsatile form)
derived by filtering the speech signal into different frequency bands. The feature extraction
strategies use some type of spectral features, such as formants, derived by feature extraction
algorithms.

There are various parameters that present the acoustic signal information to the electrodes
in these signal processing strategies. The first parameter is the number of electrodes used for
stimulus that decides the frequency resolution. Mostly, it is used as 16-22 electrodes for
stimulation. This also depends on receivers of the individual cochlear implant relating to
neuron population distribution. The second parameter is the electrode configuration.
Different configurations are controled since the electric current distributes electrodes
symmetrically. The most important parameter is the amplitude of the electric current which
is constructed using some envelope detection algorithms from the filtered waveform. It is
controlled by the loudness level of the stimulation that could be comprehended. The electric
current amplitude includes spectral information generated from the time varying current
amplitude levels on each electrode and on different electrodes stimulated in the same cycle.

The main strategies are discussed below.

2.1 Compressed analog approach

The strategy of compressed analog approach has been developed mainly by Symbion
Company (Edington, 1980). In this system, first, the audio signal is compressed using the
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automatic gain control unit. Later the signal is filtered with four side by side frequency
bands at the center frequencies of 0.5, 1, 2 and 3.4 kHz. Then, the filtered waveforms are
changed into stimulation format and sent to four electrodes that were placed into the
cochlea by surgical intervention (Dorman et al., 1989).

The compressed analog approach gives useful spectral information to the electrodes. But the
channel interaction causes problems in the compressed analog approach. Since the
stimulation is analog, the stimulus is transmitted continuously to the four electrodes at the
same time. The simultaneous stimulation causes channel interaction and can negatively
affect the performance of the device.

2.2 Continuous interleaved sampling

The continuous interleaved sampling approach was developed by researchers of the
Research Triangle Institute (Wilson et al., 1991). In this strategy, the signal is sent through
the electrode not by stimulation but by interleaved strokes. Here, the amplitude of the pulse
is derived from the envelope of bandpass filter. Later, this resulting envelope is compressed
and used for modulation of two-phase pulses. The patient’s hearing unit is electronically
excited. Non-linear compression function (i.e. logarithmic function) is used to ensure that
the envelope output is suitable for the patient’s dynamic range. A block diagram of the
continuous interleaved strategy is shown in Figure 1.
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Fig. 1. Detailed block diagram of continuous interleaved sampling speech strategy in
cochlear implant (Loizou, 1998)
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2.3 N-of-M (N-M) speech processing

In N-M strategy, the audio signal is divided into m frequency bands; and the processor
selects n number of the highest-energy envelope outputs (see in Figure 2). Only the
electrodes corresponding to the selected n outputs are stimulated at each cycle (Nogueira et
al., 2006). For example; in a strategy of 22-6, only 6 of the 22 channel outputs are selected,
thus only these 6 selected channels are stimulated. N-M strategy is a hybrid strategy since it
also includes feature representation. A general block diagram showing the feature inference
for N-M system is given in Figure 3.
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3. Wavelet transform

A time signal can be evaluated by a series of coefficients, based on an analysis function. For
example, a signal can be transformed from time domain to frequency domain. The oldest
and best known method for this is the Fourier transform. Joseph Fourier developed his
method that represents signal contents by using basis functions in 1807. Based on this work
the wavelet theory was developed by Alfred Haar in 1909. In 1930’s, Paul Levy improved
Haar basis function using scale varying. In 1981, a transformation method of decomposing a
signal into wavelet coefficients and reconstructing the original signal form these coefficients
was found by Jean Morlet and Alex Grossman. And Stephane Mallat and Yves Meyer
derived multiresolution decomposition using wavelets. Later, Ingrid Daubechies developed
a new wavelet analysis method to construct her own family of wavelets using the
multiresolution theory. The set of wavelet orthonormal basis function based on Daubechies’
work is the milestone of wavelet applications today. With these developments, theoretical
investigations of wavelet analysis began to accrue. (Merry, 2005).

Generally, the Fourier transform is an efficient transform for stationary and pseudo
stationary signals. But this technique is not suitable for the nonstationary signals such as
noisy and aperiodic signals. These signals can be analyzed using local transformation
methods; the short time Fourier transform, time-frequency distributions and wavelets. All
these techniques analyzed the signal using the correlation between original signal and
analysis function.

Wavelet transform can be classified as; continuous wavelet transform, discrete wavelet
transform and fast wavelet transform (Holschneider, 1989, Mallat, 1998; Meyer, 1992). The
wavelet transform applied to a wide range of use, subjects including signal and image
processing, and biomedical signal processing. The most important advantage of the wavelet
transform is that it allows for the local analysis of the signal. Also, wavelet analysis reveals
such as discontinuities, corruptions etc. in a signal.

A a wavelet function, (t) is a small wave. In wavelet function, the wavelet must be zero as
soon as possible while still having oscillatory. Therefore, it includes different frequencies to

w(t)

coif8

Fig. 4. An example wavelet, Coiflet wavelet
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be analyzed. An example of a possible wavelet known as Coiflet wavelet function is shown
in Figure 4. (Misiti et al., 2000).

The wavelet basis is a grid decomposition of the phase plane which is shown in Figure 5
(Pereyra&Mohlenkampy, 2004).

scale
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e

Fig. 5. The phase plane of the wavelet transform

A wavelet function 1 (t) must satisfy the following conditions:

1. A wavelet must have finite energy

E=[" Jpt)l?dt < oo (1)

where E is the energy of the wavelet function. This means that the energy of the analyzing
function is equal to the integrated square magnitude of ¥ (t) and it must have a finite value.

If Y(w) is the Fourier transform of ¥ (t), then the following condition must satisfy the so
called the admissibility condition.

o [P’
Cp=Jy For-do < oo @)

This condition indicates that the wavelet has no zero frequency components. The mean of
wavelet must equal zero. This is known as the admissibility condition.

2. The Fourier transform of Cy, must both be real for complex wavelets and must vanish
for negative frequencies (Daubechies, 1992, Rioul&Vetterli, 1991, Pereyra
&Mohlenkampy, 2004).
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3.1 Continuous wavelet transform

As a family of functions, wavelets can be reconstructed from translation and dilation of a
single wavelet i (t). Here, b is the translation parameter and a is the scale parameter. It is
called the mother wavelet and is defined as

Yap = \/%IIJ (?) abeR, a#0 ®)

The integral transformation of ¥, ; is given by (Polikar, 1999)

Xwr(a,b) = [* f(O) 9y, )dt 4)

where b is translation parameter, a is dilation parameter and * indicates the complex
conjugate which is used in a complex wavelet. This equation X, (a, b) is called a continuous
wavelet transform of f(t). The energy of the signal is normalized by dividing wavelet

coefficients with 1/+/]a| at each scale. This enables the wavelets to have the same energy for
each scale. When scale parameter is changed at each scale, the center frequency of wavelet
and the window length are also changed. Therefore scale is used instead of frequency for the
wavelet analysis. The translation parameter identifies the location of the wavelet function in
time. Change in translation parameter shows shifted wavelet over the signal. In time-scale
domain, the rows are filled for constant scale and varying translation. Similarly, the columns
are filled for constant translation and varying scale. The coefficients Xyr(a,b) are called
wavelet coefficients and are associated with a scale in frequency domain and a time in time
domain.

The inverse continuous wavelet transform can also be defined as

1 oo (oo 1 t—-b
F© = Z 12,17, Xur(@,b) 9 () dbda 5)
Note that the admissibility constant C must adhere to the second wavelet condition.

A wavelet function has a center frequency and it changes inversely to this frequency. Small
scale change indicates that high frequencies corresponding to the scale include detailed
information of the signal. In contrast, a large scale corresponds to a low frequency and gives
coarser information of the signal. In wavelet transform, Heisenberg inequality must be
satisfied. Therefore the bandwidth of time and scale AtA® is constant and bounded. When
the scale is decreased the time resolution At will increase. This indicates that the frequency
resolution Aw is proportional to the frequency o. Consequently, the wavelet transform has a
constant relative frequency resolution (Debnath, 2002).

The continuous wavelet transform is a linear transformation like the Fourier transform. It
accomplishes the discrete values of scale and translate parameters. The resulting coefficients
are called wavelet series. Later, the discretization of coefficients can be done arbitrarily, but
reconstruction is required.

3.2 Discrete wavelet transform

There are two ways to introduce the discrete wavelet. One is the discretization of the
continuous wavelet transform and the other is through multiresolution analysis.
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In many applications, the data is represented by a finite sequence, so it is important to
analyze the discrete form of the continuous wavelet transform. From a mathematical view, a
continuous notation of two continuous parameters a and b can be converted into the
discrete form. Then, two positive constants ap and bg are defined as (Strang&Nguyen, 1997).

Ymn = agm/ztp(aamx — nby), m,n €Z (6)

It is noted that the discrete wavelet transform can be derived directly from the
corresponding continuous version by using a = ag* and b= nbyag'. Therefore, the discrete
wavelet transform gives a function of a finite set of the wavelet coefficients in the time-scale
domain that was indexed m and n.

The aim of the multiresolution analysis is to represent a signal as a limit of consecutive
approximations. These correspond to different levels of resolutions. In multiresolution
analysis, the orthogonal wavelet bases are constructed using a definite set of rules, where
a multiresolution analysis is a sequence of closed space V; if the following conditions
hold.

1. {0}c--cV,cV,cV_; c-L*R)

2. fHeVie fRI) eV,

3. fhHeV,ef(t—-k) ey

4. There exists a scaling function ¢ € V, such that {q)(t-k)}kEZ is an orthonormal basis of
V.

The function ¢ is called the scaling function. If V; is a multiresolution in L?(R) and V, is the

closed subspace, then ¢ produces the multiresolution analysis. Therefore the scaling
function is used to approximate the signal up to a particular level of detail.

A family of scaling function can be constructed via shifts and power of two stretches given
by the mother scaling function.

bjx =2712¢p(277t —k)  j kel )
As with scaling function, wavelet is defined as
Vi =272p(27 7t — k) j kel ®)

In multiresolution analysis, ¢(t) is a lowpass filter and ¥(t) is a highpass filter. (t)
provides localization in time and frequency.

The discrete wavelet transform was first given by Mallat. For detailed information, the
reader is also referred to Mallat (Mallat, 1989).

3.3 Fast wavelet transform

The fast wavelet transform is a method to compute the discrete wavelet transform just like
the fast Fourier transform which computes the discrete Fourier transform.

In the discrete Fourier transform, the transform can be made fast because the transformation
is represented as a product of sparse elementary matrices. Hovewer, the transformation
matrix is orthogonal and its inverse is equal to its transpose. This matrix is made orthogonal
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by choosing the unit vectors as basis in time domain and the exponential terms as basis in
the frequency domain. If the fast wavelet transform is generated from the discrete wavelet
transform, Similar observation holds. The detailed information can be found in Mallat’s
book (Mallat, 1998).

4. Wavelet packet transform

The wavelet packet transform is based on the traditional discrete wavelet transform in terms
of both approach and analysis of detail coefficients. With this method, better resolution can
be obtained for both time and frequency depending on the contents of the data. It was first
proposed by Coifman, Meyer and Wickerhauser (Coifman et al., 1992).

The wavelet transform is signal-dependent since the decomposition of the signal is
performed by taking the best set of functions from the basis. The basis is determined by
selecting the second filter bank tree structure, from which conversion coefficients are
obtained (Coifman&Wickerhauser, 1990, 1992). Therefore, application of the separation
process is simple in terms of ease of calculation.

The wavelet packet analysis for a time series can be summarized as follows (Mallat, 1989).

A space V; of a multiresolution analysis in L?(R) is analyzed in a lower resolution space Wj,,
and a detaﬂ space Wj,, of is added. Dividing the orthogonal basis {@;(t- 2]")} to the new
orthogonal basis constitutes {@;4(t- 2“'1“)} of V; and {4 (t-21*1n )} of W

The decompositions of ¢;,; and Y, are denoted by a pair of conjugate mirror filters, h[n]
and g[n]. The relation between h[n] and g[n] is given as (Herley&Vetterly, 1994)

Any node of the binary tree is labeled by (j, k), where j-L 20, j is the depth of the node on the
tree, and k is the number of nodes. A space W} allowing an orthonormal basis {1} (¢t —
Zjn)}nez is associated to each node (j, k) when going down the tree. At the root, it has
W =V, and Y = ¢;.. The wavelet packet orthogonal bases at the nodes are defined by

lp]+1(t) - n_—oo h[TL ln[}]k(t - 21") (9)
YD) = T2 gl (¢ — 2) (10
According to this, the filter functions are derived as
h[n] = (lbfffl(t),lpf(t — 2/n)) (11)
and
gln] = (U O, U (t — 2n)) (12)
where {1]1}( (t-Zjn)}neZ is orthonormal.

Because of the filtering operation in the wavelet spaces, the phase space can participate in
various ways. Any choice of decompositions gives the wavelet packet decomposition. This
procedure is given in Figure 6 and phase plane is shown in Figure 7.
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Fig. 6. General structure of the wavelet packet transform

scale

Fig. 7. The phase plane of the wavelet packet transform

From the first rule of the multiresolution analysis, the recursive splitting determines a
binary tree of the wavelet packet spaces, which are defined as

W @ Wi = (13)
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Consequently, coefficients of decomposition and reconstruction are

D7 [t] = df = h[2t] (14)
a7 = dF « gl2d] (15)
di[t] = d2 = h[2t] + dA « gl2t] (16)

To sub sampling of the convolution of d}( with h and §, the coefficients must be obtained. By

the iteration of these equations, all the branches of the tree are computed by the wavelet
packet coefficients. This is given in Figure 8 and Figure 9.
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Fig. 8. Two level wavelet packet decomposition with down sampling
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Fig. 9. Two level wavelet packet reconstruction with up sampling

Best tree function is a one- or two-dimensional wavelet packet analysis function that
computes the optimal sub tree of an initial tree with respect to an entropy type criterion
(Coifman&Wickerhauser, 1992). The resulting tree may be much smaller than the initial one.
Following the organization of the wavelet packets library, it is natural to count the
decompositions issued from a given orthogonal wavelet. A signal of length N = 2L can be
expanded in a different ways, where a is the number of binary sub trees of a complete
binary tree of depth L, where a > 2"/2. This number may be very large, and since explicit
enumeration is generally intractable, it is interesting to find an optimal decomposition with
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respect to a convenient criterion, computable by an efficient algorithm (Donoho, 1995; Guo
et al., 2000; Johnstone, 1997).

The difference between the discrete wavelet transform and the wavelet packet transform is
in the decomposition of detail space. The wavelet packet transform decomposes not only the
approximation space but also the detail space. This means that it can separate frequency
band uniformly. Figure 10 and Figure 11 show 2-level analysis and synthesis part of the
discrete wavelet transform for comparison.
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Fig. 10. Two level analysis part of the discrete wavelet transform
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Fig. 11. Two level synthesis part of the discrete wavelet transform
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5. Wavelet based speech strategy

The proposed speech processing strategy is based on wavelet packet transform. The strategy
consists of five basic parts. Since the basis for the selection of electrode is frequency
selection, it is improved by the use of the wavelet packet transform. The main wavelet
function is experimentally selected as Daubechies 10. It is analyzed till level 8. Hanning
window is used, to prevent short-term changes of the signal in windowing. A block diagram
showing the proposed strategy is given in Figure 12. The channel outputs of the matching
function is determined by finding the best tree in the matching block. The matching function
shows the relationship between electrodes and output nodes of the wavelet packet
transform. In this study the number of electrodes used to stimulate the cochlea is 22. The
frequency position function is used to calculate channel frequency bands for cochlea. The
selection of electrodes is the same as that of N-of-M model. 6 electrodes are selected for 22
channel electrodes. Only these 6 electrodes, with the highest amplitude, are analyzed using
the wavelet packet transform.
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Fig. 12. Block diagram of the new speech processing method

In the new speech processing method, the best tree is determined from a block, which is
structured to eliminate noise and unwanted elements of the sound signal. Thus the new
output electrodes are determined with less error than those of N-of-M strategy. Moreover
better transmittance is obtained by minimizing the interference between neighboring
channels.

The channel outputs of the matching function is determined by finding the best tree in the
matching block. The used matching function is described as

Ex=M-Cy; (17)

Here, Ex shows the electrode output, and M shows the matching function. C; ; is the wavelet
coefficients. The matching function shows the relationship between electrodes and output
nodes of the wavelet packet transform.

In this study, 22 electrodes are used for stimulation and the frequency position function of
f=A4-10% -k (18)

is used to calculate channel frequency bands for cochlea (Greenwood, 1990). Here; f shows
the frequency in Hz unit, while x describes the length ratio of base from 0 to 1. ‘A" and ‘a’
are constant and their values are 156,4 and 2,1 respectively. The selection of electrodes is the
same as that of N-M model. In this study, 6 electrodes are selected from 22 channel
electrodes and only these 6 electrodes, which have the highest amplitude, are analyzed
using the wavelet packet transform.

The proposed new strategy is essentially based on N-M strategy. The input waveform is
given in Figure 13. In addition, the output waveforms for the proposed strategy and the N-
M strategy are given in Figure 14 and Figure 15, showing that the input and output
waveforms are very similar.

As shown from the graphs, traditional N-M strategy removes some high frequency
components that are between 25 ms and 75 ms at wideband spectrogram, high frequency
components are very important for intelligibility and consonant recognition such as ‘s’, ’s’,
‘f’, and such. New method keeps high frequency components using the wavelet packet
transform because the wavelet packet transform analyses high frequency components as
well as low frequency components. Another effect is mother wavelet selection; and

experimentally Daubechies 10 is found to be more effective in high frequency analysis.
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Fig. 13. Wide-band and narrow-band spectrum of the input signal
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Fig. 14. Wide-band and narrow-band spectrum of the output signal for the proposed speech
processing method
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‘Determine optimum tree” block eliminates noise and unnecessary components in speech
signal. Therefore, it obtains better result than N-M strategy for electrode selection. New
strategy output channels are more accurate than N-M strategy and conduces to reduce
interaction between neighbour channels.
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Fig. 15. Wide-band and narrow-band spectrum of the output signal for the N-M strategy

6. Experimental study

The experimental study was carried out on 20 healthy subjects between the ages of 23 and
30. The main language of all the subjects is Turkish and they have obtained air conduction
thresholds better than 20 dB at octave frequencies ranging from 250 to 6000 Hz bilaterally.
Since the subjects would listen to the words in both algorithms and the possibility exists that
the subjects could memorize the given words and their order, separate word lists were
arranged for the new strategy, and the N-of-M strategy. The arrangements were attained
consultation with a Turkish Language specialist and by referring to The Turkish Language
Dictionary by Turkish Language Association. All words were balanced in terms of speech
knowledge and degree of difficulty at both of the lists. The usage frequencies of vowels and
consonants in the lists were determined according to Turkish grammar. In addition, the lists
were recorded in the silent rooms of Ege University, the Department of Otology, and the
doctors of the Department approved the reader’s sound levels.

The test subjects listened to the lists from a microphone that was directly connected to their
heads. While listening, they were asked to write the words they heard and leave a space for
the words they could not comprehend within a table format in the listening order. The
intelligibility percentage is calculated as follows.
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intellisibility = Number of correct words % 100 (19)
ntetigbtity = Number of all the words on the list

The results of intelligibility test are given in Table 1 for both the N-of-M Strategy and the
Proposed Speech Processing Strategy. The intelligibility percent of the proposed wavelet
packet transform based strategy is higher than that of N-of-M strategy. The average
percentages of intelligibility according to gender are also given in Figure 16.

Intelligibility

Percentage %

Male Female Total
B New 81.93 79.17 80,55
ENof M 77.6 75.21 764

Fig. 16. Graphical representation of the intelligibility test results

Gender ﬁl%:rval Nug:lb;jre:)tfstest Intelligibility (%)
Male 23-29 8 81,93
New/Proposed Female 23-33 12 79,17
Total 23-33 20 80,55
Male 23-29 8 77,60
N-M Female 23-33 12 75,21
Total 23-33 20 76,40

Table 1. Intelligibility test results for both the N-M strategy and the proposed strategy

To test the noise resistance of the proposed strategy, SNR improvement test was applied to
the system. This test was performed by adding 5 dB of pink noise, F-16 noise, Volvo noise
and factory noise respectively to the recorded data. All the added noise is real noise
recorded as indicated by their names. Later, both the proposed method and the N-of-M
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method were separately applied to this data. The results were evaluated by looking at the
SNR given in Figure 17. Consequently, the proposed method gives better results for each
type of added noise.

SNR Comparison
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F16 Factory Fink Volvo

u Nof M 8,37 -5,33 5,03 11,43
® New Metod 1,03 9,07 7,94 474

Fig. 17. SNR for different types of noise

7. Conclusion

In this study, a new speech processing strategy, based on the wavelet packet transform, is
proposed for Cochlear implant applications. The foundation of the system lies in, first,
obtaining the highest-energy coefficients, and then stimulating the linked electrodes and
therefore improving the deaf patient’s hearing ability.

The core of the system is based on the wavelet packet transform and it also uses the energy
of the wavelet coefficients. By the application of various tests, the effect of intelligibility and
noise resistance for the suggested speech processing method was investigated. Then, a new



56 Cochlear Implant Research Updates

electrode selection algorithm, which depends on wavelet entropy distribution, was
presented. The proposed electrode selection increases the noise performance and
intelligibility. Additionally, the performance of the proposed method is better than the
traditional and recently published methods.

In this study, the system was tested in terms of intelligibility; besides, SNR results were
compared with those of the N-of-M Strategy. As a result, the proposed method was
observed to increase performance in terms of intelligibility.

In the part of the wavelet packet transform, the determination of the optimum tree using the
best tree functions is a significant part of this study because this part eliminates noise and
unnecessary components from the speech signal. It also helps to improve intelligibility of
speech in noisy environments.

During the live experiments session, people with normal hearing are used and also all
results are based on only normal-hearing people. A further study on patients who use
cochlear implant would give more accurate results for intelligibility.

For future works, hybrid mother wavelet in wavelet decomposition process is
recommended. In this hybrid model, Daubechies family can be used for low-pass filter
decomposition and Symlet family for high-pass filter decomposition. Moreover, the mother
wavelet for deciding the choice of wavelet family can be selected according to speech signal
characteristics in real time. This might give better results for speech intelligibility.
Additionally, the bionic wavelet instead of the wavelet packet transform can be suggested in
entire speech processing (Yuan, 2003).
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1. Introduction

Cochlear implants have been an effective device for the management of patients with total
or profound hearing loss over the past few decades. Significant improvements in speech and
language can be observed in implantees following rehabilitation. In spite of remarkable
linguistic perception, however, it is difficult for these patients to enjoy music although we
did see some “superstars” for music performance in our patients. This article aimed to
clarify current opinions on the strategies to improve music perception ability in this
population of subjects. In part I, we included one of our previous work (Chen et al., 2010)
talking about the effect of music training on pitch perception in prelingually deafened
children with a cochlear implant. In part II, other factors related to the improvement of
music perception in cochlear implantees were discussed, including residual hearing,
bimodal hearing, and coding strategies. Evidences from results of our researches and from
literature review will both be presented.

2. Part I: Music training improves pitch perception in prelingually deafened
children with cochlear implants

2.1 Introduction

Cochlear implants have been an effective device for the management of deaf children over
the past few decades. Significant improvements in speech and language can be observed in
implanted children following rehabilitation. In spite of remarkable linguistic perception,
however, it is difficult for these children to enjoy music (Galvin et al., 2007; McDermott,
2004). Essential attributes of music include rhythm, timbre, and pitch. Previous studies have
shown that perception of rhythm is easier than timbre and pitch for cochlear implant users
(Gfeller & Lansing, 1991). Recognition of timbre depends, at least partly, on the
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discrimination of pitch in terms of fundamental frequency (Gfeller et al., 2002). The ability to
differentiate pitch thus plays an important role in perception of music for implanted
children. Fundamental traits of pitch acoustically transmitted to the auditory pathway of
cochlear implantees via the apparatus are much less precise than those of normal-hearing
subjects (Sucher & McDermott, 2007). Built-in restrictions for pitch perception in
contemporary systems of cochlear implants arise from the electrical model of temporospatial
stimulation, which in turn leads to a finite spectral resolution (McDermott, 2004). Efforts
have been made to improve pitch resolution of cochlear implants for tonal languages and
music perception (Busby & Plant, 2005; Firszt et al., 2007, Hamzavi & Arnoldner, 2006).
However, the conclusions have been indecisive.

Neural correlates crucial for music processing have been demonstrated in cochlear
implantees in an electroencephalographic study (Koelsch et al., 2004). Furthermore,
magnetoencephalographic evidence of auditory plasticity has been noted in sudden
deafness (Li, 2003, 2006). This plasticity facilitates tone perception in cochlear implantees,
which can be mirrored by the progressive optimization of neuromagnetic responses evoked
by auditory stimuli after implantation (Pantev et al.,, 2006). Considering limitations of
cochlear implant processing strategies for pitch differentiation, education might have a
major effect on improvement of music processing by inducing plastic changes in the central
auditory pathway of cochlear implantees (Pantev et al., 1998). In fact, musical training has
been found to be associated with improved pitch appraisal abilities in normal-hearing
subjects, and comparatively poor music performance in cochlear implantees might be
ascribed in part to an inadequate exposure to music (Sucher & McDermott, 2007). However,
few studies exist on music performance in implanted children, and the effect of training on
music perception in prelingually deafened children with cochlear implants has not been
addressed. In the present study, twenty-seven prelingually deafened children with
monaural cochlear implant were recruited to investigate whether or not musical education
improved pitch perception. Thirteen subjects received structured training on music before
and/or after implantation. Music perception was evaluated by using a test-set of pitch
differentiation. To mirror real-world auditory environments, pure tones were presented
using a tuned piano. Effect of age, gender, pitch-interval size, age of implantation, and type
of cochlear implant were also addressed.

2.2 Patients and methods
2.2.1 Subjects

Twenty-seven subjects with congenital/prelingual deafness of profound degree (eighteen
males and nine females; 5~14y/o0, mean=6.7) were studied (Table 1). No other neurological
deficits were identified. Thirteen subjects used Nucleus24 (Cochlear™, Australia)(left=6,
right=7), thirteen subjects used Clarion (Advanced Bionics™, USA)(left=7, right=6), and one
subject used Med-El (MED-EL™, Austria) cochlear implant system (right). Elapsed time for
the evaluation of pitch perception after cochlear implantation ranged from 10 to 69 months
(mean=29). Thirteen subjects attended the same style of structured music classes at
YAMAHA Music School (2~36 months, mean=13.2). The programs included training of
listening, singing, score-reading, and instruments-playing. They attended classes with
normal-hearing children. Subject 4 and 5 have had musical education before the
implantation. The study conformed to the Declaration of Helsinki. Written informed consent
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was obtained from parents with a protocol approved by Institutional Ethics Committee of
Cheng-Hsin General Hospital.

Age Age* DuM DuC Correct rate (%)
No Gender (yr) (mo) Device (mo) (mo) HA O P A A>S D D>

1 F 6 20 Clarion 0 48 'y 453 371 457 400 486 467
2 M 5 42 Clarion 3 17 'y 561 60.0 419 467 648 80.0
3 M 6 36 Nucleus 12 33 'y 446 429 552 767 267 40.0
4 M 10 78 Nucleus 36 11 'y 607 486 524 533 705 767
5 F 10 64 Nucleus 30 22 'y 882 943 914 933 800 933
6 F 6 53 Nucleus 0 10 'y 364 400 314 300 419 367
7 M 8§ 57 Clarion 0 34 'y 505 657 552 533 410 46.7
8 M 6 36 Nucleus 0 33 n 482 57 524 667 524 500
9 M 6 54 Clarion 24 26 'y 557 571 714 733 410 333
10 M 5 17 Nucleus 0 46 'y 469 400 438 533 514 433
11 F 6 58 Nucleus 3 13 'y 462 429 419 467 552 333
12 F 7 29 Nucleus 6 55 'y 521 943 286 733 676 10.0
13 M 8 22 Nucleus 0 69 'y 525 457 438 500 610 633
14 F 5 37 Nucleus 0 19 =n 174 257 200 267 86 200
15 F 6 48 Nucleus 0 23 'y 692 686 676 833 676 667
16 F 5 32 Nucleus 0 24 'y 387 971 276 333 343 300
17 M 8§ 65 Clarion 0 25 'y 561 943 686 767 333 267
18 M 5 30 MedEl 0 31 'y 554 629 552 700 505 50.0
19 M 6 37 Nucleus 2 31 'y 561 886 610 633 448 333
20 M 8 68 Clarion 14 36 n 374 429 371 367 381 300
21 M 6 45 Clarion 0 33 'y 462 200 419 367 562 667
2 M 6 36 Clarion 14 16 'y 682 829 724 800 543 733
23 M 14 163 Clarion 0 17 'y 892 971 952 933 79.0 90.0
24 F 5 53 Clarion 6 15 n 95 171 95 233 57 00
25 M 5 3 dClarion 0 30 =n 502 57 305 300 810 833
26 M 5 32 Clarion 20 35 'y 925 1000 914 933 905 933
27 M 8 8 Clarion 2 22 y 364 00 410 400 419 400

No, participant number; Age, y/o; Age*, age at implantation; Device, type of cochlear implant; DuM,
duration of musical training (months); DuC, duration of cochlear implant use (months); HA, use of
hearing aid in the other ear; Correct rate, percentage of correct response for pitch-interval
differentiation; O, overall correct rate; P, correct rate for prime pitch interval; A, correct rate for
ascending interval; A>5, correct rate for ascending interval over 5 semitones; D, correct rate for
descending interval; D>5, correct rate for descending interval over 5 semitones.

Table 1. General data for all participants.

2.2.2 Experiment paradigm

Experiments were conducted in an acoustically-shielded room using a tuned piano
(YAMAHA™, Japan). Subjects sat upright with eyes open, facing away from the piano at a
distance of about 1 meter, and were instructed to attend to the auditory stimuli during
experiments. A modification of a two-alternative forced choice task was used. Each test-
stimulus consisted of two sequential piano tones, ranging from C (256 Hz) to B (495 Hz). To
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avoid the possible effect of intensity variation on the test, the loudness was monitored on
site by a sound-pressure meter and was maintained within 70£6 dB SPL for loudness
matching of different pitch tones. The first note was any of the following: C, D (294 Hz), E
(330 Hz), F (349 Hz), G (392 Hz), A (440 Hz) or B. Once the first note was determined, the
second note was presented randomly from C to B. The interval of two notes was thus
between prime degree (two same notes, e.g.”C-C”) and major-seventh degree (eleven
semitones, e.g.”C-B”), either ascending or descending in direction. A total of 49 (7x7) tone-
pairs were delivered to a subject in one experiment. The task was divided into two stages
depending on the response. Each time after presentation of the stimuli, the subject would be
asked whether the two notes were the same (i.e.,prime degree) or not. When the two notes
were the same, the answer was recorded as correct or incorrect. When the two notes were
different and the answer was incorrect, the answer was recorded as incorrect. When the two
notes were different and the answer was correct, the subject would then be asked if the
second tone was higher or lower than the first tone, and this subsequent answer was
recorded as correct or incorrect. There was no feedback to subjects on their answers. Each
tone-pair was presented five times. To avoid the effect of random guessing of the results, the
answer needed to be correctly answered at least three times (260% correct) for a single tone-
pair recognition response to be recorded as correct. The correct rate for each subject was
obtained by averaging the number of correct responses across the number of total tone pairs
(49). The programming of speech processors for each subject varied, based on the speech
intelligibility programs optimal for respective users.

2.2.3 Data analysis

Statistical analysis was performed using the software of SAS8.1 (SAS Institute Inc., USA).
Performance of pitch perception in terms of correct rate was grouped into six sets for
statistical analysis: overall, prime degree, ascending interval, ascending interval larger than
perfect-fourth degree (five semitones, e.g.”C-F”), descending interval, and descending
interval larger than perfect-fourth degree. Differences in the performance of pitch
perception by pitch-interval size were analyzed using analysis of variance. Differences of
correct rate for pitch perception (cutoff value=50%) in terms of age were evaluated by
dividing subjects into two groups: subjects >6 and subjects <6 y/o. Gender and age
differences in overall task performance of pitch perception were evaluated using t-test.
Correlations between pitch perception and period of musical training, age of implantation,
or type of cochlear implant were evaluated using simple correlation analysis for three
conditions respectively: all subjects, subjects divided into two groups by age (>6 and <6
y/0), and subjects divided into two groups by duration of cochlear implant use (>18 and <18
months). Threshold for statistical significance was set at P < 0.05.

2.3 Results

2.3.1 Differences of correct rate for pitch perception by pitch-interval size, gender,
and age

Overall, the correct rate for pitch perception varied between 9.5% and 92.5% (Table 1).
Fifteen subjects (13 male and 2 female, mean age=7.3 y/0) accomplished the test with a
correct rate 250% (i.e, chance level). When subjects were divided by gender/age,
boys/subjects >6 y/o tended to accomplish the test with a correct rate >50% than
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girls/subjects <6 y/o, respectively. The mean correct rate of overall task performance was
better for boys (56%)/subjects >6 y/o (58%) than for girls (45%)/subjects <6 y/o (49%),
respectively, although the difference was insignificant (p=0.237 for gender, p=0.243 for age;
Table 2). There were no differences in the performance of pitch perception between various
conditions of pitch-interval size (F(5,156)=0.342, p=0.887; Figure 1).

Total Gender Age
Pitch Boy Girl > 6 yrs S 6yrs
Interval  =50% <50% =50% <50% =50% <50% =50% <50% =50% <50%
O 15 12 13 5 3 6 7 2 8 10
P 13 14 9 9 4 5 5 4 8 10
A 13 14 11 7 2 7 5 4 8 10
A>5 16 11 13 5 3 6 7 2 9 9
D 15 12 11 7 4 5 5 4 10
D>5 12 15 10 8 2 7 4 5 8 10

Age, y/o; Correct rate at cutoff value of 50% for pitch perception; O, overall correct rate; P, correct rate
for prime pitch interval; A, correct rate for ascending interval; A>5, correct rate for ascending interval
over 5 semitones; D, correct rate for descending interval; D>5, correct rate for descending interval over 5
semitones.

Table 2. Differences in correct rate for pitch perception (cutoff value=50%) by gender and age.

p=0.887

60 r

50.2

Correct Rate (%)
(U8
S

O P A D A>5 D>5

Fig. 1. Differences of correct rate for pitch perception by pitch-interval size. There were no
differences in the performance of pitch perception between various conditions of pitch-
interval size (F(5,156) = 0.342, p=0.887). O, overall correct rate; P, correct rate for prime pitch
interval; A, correct rate for ascending interval; A>5, correct rate for ascending interval over 5
semitones; D, correct rate for descending interval; D>5, correct rate for descending interval
over 5 semitones.
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2.3.2 Correlation between pitch perception and period of musical training, age of
implantation, or type of cochlear implant (Table 3, 4a~d)

For all subjects combined, the duration of musical training positively correlated with the
correct rate of overall (r2=0.389, p=0.045) and ascending pitch-interval (r2=0.402, p=0.038)
perception. There is no correlation between pitch perception and the age of implantation or
type of cochlear implant.

To assess the effect of age on the significance of correlation, additional analysis was
conducted with children separated by age >6 and <6 y/o (i.e., preschool). For children >6
y/o, there is no correlation between pitch perception and duration of musical training, age
of implantation, or type of cochlear implant. For children <6 y/o, the duration of musical
training strongly correlated with correct rate of ascending pitch-interval (r2=0.618, p=0.006)
and ascending pitch-interval over 5 semitones (r2=0.584, p=0.011) perception; there is no
correlation between pitch perception and age of implantation or type of cochlear implant.

O P A A>5 D D>5
Variable 2 p 2 p 2 p r? p r p r2 p
DuM(mo) 0.389 0.045t 0238 0232 0402 0.038t 0366 0.061 0271 0172 0303 0.124
Device  0.046 0.818 -0.085 0.675 0.111 0.581 -0.099 0.624 0.026 0.897 0.149 0.459
Age* 0293 0138 0.146 0466 0381 0.050 0.229 0251 0.154 0.445 0226 0.257

Threshold for statistical significance using simple correlation analysis was set at P < 0.05 (denoted as 1).
12, correlation coefficient; DuM, duration of musical training (months); Device, type of cochlear implant;
Age*, age at implantation; O, overall correct rate; P, correct rate for prime pitch interval; A, correct rate
for ascending interval; A>5, correct rate for ascending interval over 5 semitones; D, correct rate for
descending interval; D>5, correct rate for descending interval over 5 semitones.

Table 3. Correlation between variables and correct rate of pitch perception.

Since some patients >6 y/o have had a longer period of music training, additional analysis
was conducted with children separated by duration of cochlear implant use >18 and <18

(@) P A A>5 D D>5
Variable r? p 2 p 2 p r? p r p 7 p
DuM(mo) 0.293 0445 0.012 0975 0145 0.710 0.074 0.850 0.459 0.214 0.442 0.234
Device  -0.261 0.497 -0.169 0.664 0.120 0.758 -0.183 0.637 -0.660 0.053 -0.253 0.511
Age* 0493 0178 0115 0.768 0.635 0.066 0358 0.344 0252 0.513 0492 0.178

Correlation between variables and correct rate of pitch perception (> 6 years old, n=9).

@) P A A>5 D D>5
Variable r? p 2 p 2 p r? p r p 7 p
DuM(mo) 0435 0.071 0.382 0.118 0.618 0.006t 0.584 0.011t 0.098 0.698 0.151 0.550
Device  0.132 0.602 -0.101 0.691 0.070 0.783 -0.110 0.663 0.231 0.357 0.338 0.170
Age* -0.189 0453 -0.122 0.631 -0.126 0.619 -0.117 0.645 -0.176 0.486 -0.254 0.310

Correlation between variables and correct rate of pitch perception (< 6 years old, n=18).
For description, see Table 3.

Table 4a. and 4b. Correlation between variables and correct rate of pitch perception adjusted
for age (> 6 or < 6 years old).
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O P A A>5 D D>5
Variable 2 [4 r? P r? 4 r? p r? p r? p
DuM(mo) 0.564 0.010t 0.353 0.127 0.625 0.003t1 0.549 0.012f 0.295 0.207 0.305 0.191
Device  -0.005 0.983 -0.201 0.396 0.071 0.767 -0.240 0.308 0.064 0.787 0.114 0.632
Age* 0.020 0.932 -0.051 0.832 0238 0312 0.064 0.787 -0.163 0.492 -0.043 0.859

Correlation between variables and correct rate of pitch perception (Duration of cochlear implant use >
18 months, n=20).

(@) P A A>5 D D>5
Variable 2 p 2 p r p r? p 7 p 2 p
DuM(mo) 0.133 0.776 -0.057 0.903 0.072 0.878 0.078 0.868 0216 0.642 0.265 0.566
Device 0169 0717 0402 0371 0246 0594 0369 0415 -0.109 0.816 0.194 0.677
Age* 0595 0159 0539 0.212 0.657 0109 0.603 0.152 0500 0.253 0.421 0.346

Correlation between variables and correct rate of pitch perception (Duration of cochlear implant use <
18 months, n=7).

For description, see Table 3.

Table 4c. and 4d. Correlation between variables and correct rate of pitch perception adjusted
for duration of cochlear implant use (> 18 or < 18 months).

months to assess the effect of implant use duration on the significance of correlation. For
children with duration of implant use >18 months, the duration of musical training
significantly correlated with correct rate of overall (12=0.564, p=0.010) and ascending pitch-
interval (r2=0.625, p=0.003) perception; there is no correlation between pitch perception and
age of implantation or type of cochlear implant. For children with duration of implant use
<18 months, there is no correlation between pitch perception and duration of musical
training, age of implantation, or type of cochlear implant.

2.4 Discussion
2.4.1 Insignificant effect of pitch-interval size on pitch perception

In the present study, the size of the pitch interval did not considerably affect the
performance of pitch perception in subjects of prelingually deafened children with a
cochlear implant (Figure 1, Table 1). For the pitch perception of descending interval >5
semitones, however, the correct rate was lower than for that of descending interval <5
semitones. This finding was paradoxical since it's reasonable to infer that a larger pitch
interval is easier to perceive correctly than a smaller one. It might imply a general intricacy
in pitch perception of descending interval for cochlear implant users of all age, since scores
of “falling” melodic contour perception was much lower than those of “rising” one (even
lower than chance level) for adult cochlear implantees in one previous study (Galvin et al.,
2007; McDermott, 2004).

Various factors have been reported to affect the pitch perception in implanted children.
The insignificant effect of pitch-interval size on the differentiation tasks in the present
study could be ascribed partly to the channel-setting of sound frequency and/or tone
perception changes caused by cochlear implants (Nardo et al., 2007; Reiss et al., 2007).
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Obvious disparity could occur between frequencies assigned to electrodes and those
actually perceived by cochlear recipients possibly related to the channel-setting of
frequency during mapping (Nardo et al., 2007). After appropriate mapping, pitch
perception via cochlear implants might still have great spectral variations for years, which
can echo the extent of damage of peripheral innervations patterns in the early stage and
plasticity-dependent modifications in the later stage of implant use (Reiss et al., 2007). In
fact, effect of musical training was much more significant for pitch perception of
ascending interval >5 semitones in children with duration of cochlear implant use >18
months. Our results showed that a duration <18 months of cochlear implant use might not
be long enough for the plasticity-dependent adaptation of aforementioned disparity to
happen (Table 4c~d).

Another possibility for better results with smaller intervals might be the use of loudness-
instead of pitch-cues for tone discrimination. It has been shown that a musical note at the
center of a frequency band for one electrode may be louder than that at edge of the
frequency band (Singh et al., 2009). Besides, a musical note at the edge of the band may
activate two electrodes instead of one (Donaldson et al., 2005). The way these different
musical intervals align with the frequency ranges allocated to each electrode (i.e., MAPs)
potentially provide additional cues for tones discrimination. However, it has been revealed
that electrode activation differences did not influence recognition performance with low-
(104-262Hz) and middle-frequency (207-523Hz) melodies (Singh et al., 2009). Since the
frequency range in our study lies between 256 and 495Hz, electrode activation differences
did not seem to be a confounding factor in our study.

One more plausible explanation is the abnormal frequency-coding resolution resulting from
the disorganization of tonotopic maps in the auditory cortices of those prelingually
deafened children. Topographically arranged representations of frequency-tuning maps
(i.e.,tonotopy) have been known to exist in the auditory system (Huffman & Cramer, 2007).
The orderly maps of tonotopy start at the cochlea and continue through to the auditory
cortex. Mechanisms underlying the development of tonotopic maps remained unknown. In
previous studies, however, deprivation of auditory input due to cochlear ablation and/or
misexpression of essential proteins in the auditory pathway in neonatal birds and mammals
have been shown to affect the normal development of tonotopic maps (Harrison et al., 1998;
Huffman & Cramer, 2007; Yu et al,, 2007; Zhang et al., 2005). This might in turn lead to a
diminished capacity of the auditory system to decode the acoustic information in terms of
frequency resolution (Harrison et al., 1998; Huffman & Cramer, 2007; Yu et al., 2007), which
could underpin our finding of the insignificant effect for pitch-interval size on the
differentiation tasks.

2.4.2 Musical training improving pitch perception

One major and novel finding in this study is that the duration of musical training correlates
with music perception in subjects of prelingually deafened children with a cochlear implant.
That is, higher scores for the performance of pitch perception positively correlated with a
longer duration of musical training in implanted children. Furthermore, the performance for
the perception of ascending interval was significantly enhanced after the musical training
(Table 3).
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Our finding was in line with a previous study, in which structured training was suggested
to have positive correlation with recognition and appraisal of the timbre of musical
instruments by postlingually deafened cochlear implant recipients (Gfeller et al., 2002). After
twelve weeks of training, those implant recipients assigned to the training group showed
significant improvement in timbre recognition and appraisal compared to the control group.
The effect of training in music perception of prelingual cochlear implantees, however, was
not addressed in the aforementioned study. As far as we know, our present research is the
first study ever reporting such finding of enhanced music perception by musical training in
prelingually deafened children with cochlear implants.

Mechanisms underlying the enhanced performance of pitch perception after musical
training in those prelingually deafened children with cochlear implants remained unclear.
One possibility is the modification of disorganized tonotopy through auditory plasticity in
the central auditory pathway of our subjects. The reinstatement of afferent input via
cochlear implantation could consequently launch a cascade of plastic changes in the
auditory system. Such reorganization, probably coupled with essential changes in
neurotransmission or neuromodulation, might assist in reducing further deterioration in the
nervous system resulting from cessation of electrical input due to cochlear damage (Durham
et al., 2000; Illing & Reisch, 2006). This might reverse the disrupted tonotopic maps toward a
relatively “normal” organization (Guiraud et al., 2007), which in turn may lead to a better
development of frequency tuning in the auditory cortices. In normal-hearing children,
improved music perception via music education has been revealed by increased auditory
evoked fields, possibly due to a greater number and/or synchronous activity of neurons
(Pantev et al., 1998). With the intervention of musical training, it seemed that the modified
organization of tonotopy in subjects of prelingually deafened children could also be further
optimized for a more delicate resolution of frequency spectrum, as is indexed by a better
performance of pitch perception in the present study.

2.4.3 Effect of age and duration of cochlear implant use on pitch perception

In the present study, the performance of pitch perception is better in children with cochlear
implants >6 y/o than those <6 y/o (Table 2). This might be due to the younger children not
understanding the test itself. Actually, some of our older children appear to have longer
training periods (Table 1). Our finding was in line with previous studies in which older
children with cochlear implants tended to score higher on tonal-language performance
(Huang et al., 2005; Lee & van Hasselt, 2005). At least partly, this could also be attributed to
the aforementioned influence of auditory plasticity. In an operational context, the generally
longer duration of auditory rehabilitation and thus more cognitive experiences of acoustic
stimulation lead to the enhanced skills for musical perception of our older children with
longer duration of cochlear implant use (Table 4c~d). Nevertheless, the effect of musical
training is much more significant for children <6 y/o than those >6 y/o (Table 4a~b). The
seemingly gender effect observed in Table 2 might actually be due to the age effect, since the
mean age of boys (6.9 y/o) was larger than that of girls (6.2 y/o), though the difference was
not significant (p=0.404, t-test). Our finding thus verified that later pitch sensations in
implanted children possibly reflected higher-level and/or experience-dependent plastic
changes in the auditory pathway (Reiss et al., 2007), and that musical training in the
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sensitive period (<6 y/o0) would be beneficial for development of pitch sensations (Baharloo
et al., 2000).

2.4.4 Limits of this study

While pitch ranking was assessed, testing intervals used in this research may be too small
for the evaluation of real-world music appreciation. It has been reported that postlingual
cochlear implantees were generally less accurate in identification of formerly well-known
music pieces than normal-hearing subjects (Gfeller et al., 2005). Further study using larger
intervals/musical extracts is thus necessary to see if improvement of pitch discrimination
could result in a better music perception in prelingual cochlear implantees.

Though loudness was monitored to avoid the possible effect of intensity variation in this
study, it is clear that loudness matching of different tones from a piano cannot be as precise
as that of computerized sounds. Since musical training could improve loudness
discrimination in normal-hearing subjects (Plath, 1968), the training might also improve
pitch differentiation by advancing use of available loudness differences created
unintentionally by cochlear implant programming. Future research using computerized
tones with a more precise matching of loudness and analyzing how the results relate to
MAPs will be helpful to separate tone discrimination from loudness differences.

2.5 Conclusion

In summary, the ability to discriminate sounds was improved with musical experience in
prelingually deafened children with cochlear implants. Implanted children attending music
classes revealed significant differences compared with those without musical training. We
suggest that structured training on music perception should begin early in life and be
included in the post-operative rehabilitation program for prelingually deafened children
with cochlear implants. Since auditory plasticity might play an important role in the
enhancement of pitch perception, our research invites further studies on a larger group of
implanted children to correlate neuroelectrical changes over time from cochlear
implantation and music performance. A longitudinal study is also needed to show whether
such neuroelectrical responses change with improvement of music performance in
prelingually deafened children with a cochlear implant.
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2.7 Annotations

1. Section 2.2.3: The type of ANOVA used was repeated measure ANOVA.

2. Section 2.2.3: Normal distribution of data was confirmed by using Kolmogorov-
Smirnov test.

3. Section 2.3.1: The power was 0.35 for the boys/girls comparison and 0.32 for the
subjects >6 yr/subjects <6 yr comparison.
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3. Part lI: Other factors related to the improvement of music perception in
cochlear implantees

3.1 Effect of residual hearing preservation on music perception in cochlear
implantees

There are many factors that can influence functional outcomes post-cochlear implantation
including surgical techniques, variability of array placement, device coding strategies,
intensity of rehabilitation and pathology of hearing loss (Wilson & Dorman, 2008a, 2008b).
In addition to the variability of functional outcomes, music appreciation in cochlear
implant recipients is also variable, presumably for similar reasons. While it is not possible
to differentiate between all of these, technological developments of cochlear implants aim
to maximize an individual’s ability to reach their maximum potential. As cochlear implant
candidacy is expanded with improvements in technology, individuals with increasing
levels of residual low-frequency hearing (e.g those with steeply sloping severe-profound
hearing loss) fall within the candidacy range (Gantz et al., 2006). In this population, where
hearing is retained after surgery, combined electric and acoustic stimulation can be used
which may provide access to finer spectral resolution and temporal fine structure,
enhancing music perception (Gantz et al., 2005; Kong et al., 2004). Techniques aimed to
preserve residual hearing include the insertion of a short electrode array (Gantz et al.,
2006; Gfeller et al., 2005) or partial or full insertion of a standard electrode array combined
with a soft surgery technique to minimize intracochlear trauma (Fraysse et al., 2006;
Gstoettner et al., 2004).

Short electrode arrays, including the research 10mm Iowa/Nucleus Hybrid-S Cochlear
Implant, have been designed to facilitate electric and acoustic stimulation in individuals
with residual hearing by only entering the descending cochlear basal turn (Gantz et al.,
2005). Results reported as part of the multi-centre FDA clinical trial in 47 patients with the
Nucleus Hybrid implant (Gantz et al., 2006) showed hearing preservation in 45 immediately
after implantation, with hearing within 10dB of pre-operative thresholds maintained in 25
and within 30dB maintained in 22 for up to 3 years in some patients. Within this study,
comparisons between long-term Hybrid-S users and long-term long array users who were
matched on word understanding in quiet showed a difference in speech perception in noise
(using both multi-talker babble and steady-state noise), suggesting that the Hybrid-S users
perform better within a more realistic listening environment. Despite these benefits, Briggs
and colleagues (Briggs et al., 2006) identified the possibility that shortening of the electrode
array to 10mm may cause a place-frequency mismatch because only the basal portion of the
cochlea will be stimulated, causing a disproportionately higher frequency percept than with
a standard array. Further, should hearing not be preserved, then concerns have been raised
that speech perception outcomes will be impaired for individuals who only receive electrical
stimulation in such a limited region of the cochlea (Gstoettner et al., 2009). Nonetheless, in
the clinical trial of the commercially-available 16mm Hybrid-L24, Lenarz et al. (Lenarz et al.,
2009) showed good post-operative hearing preservation in 24 recipients implanted with a
round-window surgical approach.

A standard commercially available electrode array has also been used for hearing
preservation with full or partial insertion of the array using an atraumatic surgical
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technique (Roland, 2005). Using a prospective multicenter study, Fraysse et al. (Fraysse et
al., 2006) compared changes in hearing threshold levels after 27 patients were implanted
with the Nucleus 24 Contour Advance perimodiolar electrode array. Of these, 12 were
implanted with a soft surgery technique using a 17mm insertion depth. The authors
demonstrated that preservation of hearing thresholds was more successful when the soft
surgery technique was used with median changes in average hearing thresholds between
250-500Hz measured at 40dB for the entire group and 23dB for the soft surgery group.
Success in hearing preservation has also been reported using partial insertion of other
electrode arrays, including the MED-EL C40+ implant (Gstoettner et al., 2004; Skarzynski
et al.,, 2007). However delayed loss of residual hearing has been reported in some
instances even when an atraumatic surgical technique is used (Fraysse et al., 2006;
Gstoettner et al., 2006).

In contrast to the standard length electrode array, Skarzynski and Podskarbi-Fayette
(Skarzynski & Podskarbi-Fayette, 2010) reported on the Nucleus® Straight Research Array
(Cochlear Ltd), an atraumatic electrode array. The main characteristics of this array that are
different from the usual straight or Contour Advance arrays are that it is thinner and
smoother which aim to reduce intracochlear trauma and kinking of the proximal end during
insertion with a 20mm insertion. This study showed that of nine patients who had low-
frequency residual hearing <50dBHL at 500Hz, the mean increase in thresholds at this
frequency was 19dB. Similarly, Gstoettner and colleagues (Gstoettner et al., 2009) reported
on the outcomes of 9 patients implanted with the MED-EL Flex EAS (with increased
flexibility of the array) showing that 4 patients had full hearing preservation and 5 showed
partial preservation. However, Baumgartner et al (Baumgartner et al., 2007) reported
hearing preservation in 10 of 16 patients fitted with the MED-EL Flexs# at 1 month post-
implantation but this declined to only 4 patients at 6 months post-implantation, suggesting
variable outcomes which may or may not reflect the array per se, or the surgical technique or
the underlying pathology or combination of the above.

To date, only limited evidence exists to support the possibility that any of these
techniques result in improved music perception for implant recipients. Gfeller and
colleagues (Gfeller, 2005, 2006) compared music perception in 17 normally-hearing adults,
39 with a conventional long array (from Cochlear Ltd, Advanced Bionics and Ineraid) and
4 patients with a Hybrid-S Cochlear Implant (Cochlear Ltd). The results showed that
Hybrid-S recipients and NH listeners performed significantly better than those with a
standard-electrode array on recognizing real-world songs with no lyrics and instrument
recognition (with no significant difference observed with device or processing strategy for
the standard-electrode array group). Nonetheless, it does indicate the possibility of
combined electrical and acoustic stimulation for improved musical recognition in cochlear
implant recipients.

3.2 Effect of bimodal hearing and/or bilateral implantation on music perception in
cochlear implantees

It has long been known that bimodal hearing is better than unimodal hearing for patients
with hearing impairment in terms of speech/language perception. With respect to music
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perception, bimodal hearing was also revealed to be superior to unimodal hearing for
prelingually deafened children in one of our previous studies (Chen et al., in submission).
Scores for pitch differentiation were generally higher for the condition of “simultaneous
use of both hearing aid as well as cochlear implant” than that of “utilization of cochlear
implant only” in the same subject, although the differences were not statistically
significant enough which could possibly be ascribed to the small sample size. The
performance of pitch-interval differentiation was furthermore shown to be superior in
subjects with longer duration of hearing aids use and longer duration of hearing aids use
prior to the cochlear implantation.

Our study was congruent with one recent research in which bimodal hearing was noted to
be better than hearing with bilateral cochlear implantation regarding music perception in
patients with post-lingual deafness (Cullington & Zeng, 2011). The mechanisms underlying
the superior effect of bimodal hearing on music perception over unimodal hearing and
hearing with bilateral cochlear implantation remained unknown. One possibility is that the
low-frequency cues inherent in hearing aids can compensate for the insufficiency of low-
frequency cues built-in in the contemporary systems of cochlear implant in terms of pitch
discrimination (Cullington & Zeng, 2011). Another more plausible explanation is that the
auditory signals transmitted by hearing aids are analog in format (Chen et al, in
submission). The acoustic information enclosed is thus much more abundant than that
conveyed via the “digital” devices of cochlear implant, which in turn could sound more like
that a normal-hearing subject would percept.

A usable high-frequency hearing gain by using hearing aids sometimes leads to a longer
duration of hearing aids use prior to the cochlear implantation (Chen et al., in submission).
The implanted ear will continue to benefit the implantees with a good high-frequency
hearing gain even after the cochlear implantation. Since the neuronal architects
serving auditory perception are hardwired to fine-tune to subtle differences in the auditory
environment (Illing & Reisch, 2006), longer duration of hearing aids use will enable our
subjects to become more familiar with the presented tone pairs, which would consecutively
lead to a better capability of pitch-interval differentiation.

3.3 Coding strategies

In current commercially available cochlear implant systems, four main sound coding
strategies are utilized (Wilson & Dorman, 2008a, 2008b). These are: (i) SPEAK (spectral peak
strategy) (ii) CIS (continuous interleaved sampling); (iii) ACE (advanced combination
encoder), which extracts both spectral and temporal cues; and (iv) n of m (number of maxima
spectral speech extractor). However, it is proposed by some researchers that two main
limitations affect music perception: (1) low-frequency fine structure information is poorly
represented by envelope-based strategies; and (2) insufficient numbers of independent
effective channels exist to deliver fine structure due to current spread and electrode
interactions (conventional arrays have been 12-22 channels). More recently, considerable
attention has been focused on the development of novel strategies to address this. These
include the development of virtual channels through current steering (Firszt et al., 2007),
and fine structure processing which intends to increase access to spectral and temporal fine
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structure (Hochmair et al., 2006). While such strategies are continually being improved to
facilitate improved music perception and appreciation, limited empirical evidence currently
exists to support the role of virtual channels or fine structure coding at this stage (Berenstein
et al., 2008; Firszt et al., 2007). Nonetheless, they continue to represent possibilities for the
future.

3.4 Conclusion

In summary, only limited evidence exists to support the possibility that factors such as
residual hearing, bimodal hearing, and coding strategies result in improved music
perception for implant recipients to date. However, they continue to represent opportunities
for the future. The importance of techniques aimed to preserve residual hearing thus cannot
be overemphasized in cochlear implantation. Further studies are also needed to show the
longitudinal effect of bimodal hearing and newly developed coding strategies to benefit
music performance in cochlear implantees.
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1. Introduction

Many animals use sound to communicate with each other, and hearing is particularly
important for survival and reproduction. In species that use sound as a primary means of
communication, their hearing is typically most acute for the range of pitches produced in
calls and speech. Human is one such species and Fig. 1 shows a human ear consisting of the
outer, middle and inner ear. The eardrum of an ear converts incoming acoustic pressure
waves through the middle ear to the inner ear. In the inner ear the distribution of vibrations
along the length of the basilar membrane is detected by hair cells. The location and intensity
of these vibrations are transmitted to the brain by the auditory nerves. If the hair cells are
damaged (as shown in Fig. 2(b)), the auditory system is unable to convert acoustic pressure
waves to neural impulses, which results in hearing impairment. Damaged hair cells can
subsequently lead to the degeneration of adjacent auditory neurons. If a large number of
hair cells or auditory neurons are damaged or missing, the condition is called profound
hearing impairment (Yost, 2000).
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Fig. 1. A diagram of the anatomy of the human ear. (Chittka, L. & Brockmann, A. (2005))
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Fig. 2. (a) Normal human ear; (b) Profound hearing impairment. (Loizou, P.C. (1999))

Cochlear implants (CI) have been commercially available for nearly thirty years. Today
cochlear implants still provide the only opportunity for people with profound hearing
impairment to recover partial hearing through electrical stimulation of the auditory nerves
(Loizou, 1998; Loizou, 1999; Spelman 1999; Wilson & Dorman, 2008). Fig. 3 is a diagram of a
cochlear implant. The external part consists of microphones, a speech processor and a
transmitter. Internally an array of up to 22 electrodes is inserted through the cochlea, and a
receiver is secured to the bone beneath the skin. The microphones pick up sounds and the
speech processor converts the sounds into electrical signals based on a stimulating strategy.
The electrical signals, which determine the sequence in which the electrodes are activated,
are then converted into electric impulses and sent to the implanted electrodes by the
transmitter (Girzon, 1987; Suesserman & Spelman, 1993). The simulating strategy plays an
extremely important role in maximizing a user’s overall communicative potential.

0

Fig. 3. A cochlear implant.

Until recently the main thrust in cochlear implant research has been to improve the hearing
ability of CI users in a quiet environment (Dorman & Loizou, 1997; Loizou et al., 1999).
There have been numerous improvements in the current generation of cochlear prosthesis,
including the development of completely implantable cochlear implants. However, today CI
users still have difficulty in listening to music and tonal languages, and in hearing in a noisy
environment (Fu et al., 1998; Friesen et al., 2001; Xu et al., 2002; Kong et al., 2004; Lan et al.,
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2004). One cause of these problems is that the spectral resolution perceived by CI user is not
good enough. If a novel stimulating strategy is developed to increase spectral resolution,
these problems can to some extent be relieved. In this literature review we first introduce
basic stimulating strategies used in commercial cochlear implant systems. We then discuss a
new hybrid stimulating strategy, and some experimental results of normal hearing tests are
presented to compare the performance achieved by different stimulating strategies.

2. Stimulating strategy review

In the cochlear implant system, the stimulating strategy plays an extremely important role
in generating the sounds heard by users (Wilson et al., 1991; Kiefer et al., 2001; Koch et al.,
2004; Wilson & Dorman, 2008). It functions to convert sounds into a series of electric
impulses which determines which electrodes should be activated in each cycle. A complete
stimulating strategy should address the following;:

1. The number of channels selected to reproduce the original spectrum;

2. The number of electrodes activated to generate each channel;

3. The number of consecutive clock cycles required to deliver selected channels,; and
4. The scheduling of the activating sequence of electrodes.

Many stimulating strategies have been developed over the past two decades. An ideal
stimulating strategy is one that closely reproduces the original sound spectrum and allows a
CI user to hear clear sounds. In the following we briefly describe and compare the advanced
combinational encoder (ACE), continuous interleaved sampling (CIS), and HiRes120 strategies,
which are frequently used in today’s commercial cochlear implants.

2.1 Stimulating strategy using fixed channel
2.1.1 Advanced Combinational Encoder (ACE) (Kiefer et al., 2001)

The ACE strategy (Fig. 4), used in the Nucleus implant, is based on a so-called N of M
principle. This system uses 22 implanted electrodes which can be activated to generate 22
fixed channels. The signal is processed into 22 frequency bands for each frame of recorded
sound. After the envelope information for every frequency band is extracted, 8-10 (set by
the audiologist) frequency bands with the largest amplitudes will be stimulated. Electrodes
corresponding to the selected channels are then activated. Thus in the ACE strategy, a
channel is generated by one implanted electrode, and the original spectrum is reproduced
by 8-10 fixed channels.

2.1.2 Continuous Interleaved Sampling (CIS) (Wilson et al., 1991)

CIS is a strategy used in the speech processors of all major cochlear implant manufacturers.
For Advanced Bionics implants, which have 16 implanted electrodes, a diagram of the strategy
is shown in Fig. 5. For each frame of sound, the signal is applied through 16 band-pass filters,
and the envelopes of these frequency bands are extracted by full-wave rectifying and low-pass
filtering (with 200-400Hz cutoff frequency). Unlike ACE, all 16 frequency bands are then
stimulated in sequence. Trains of balanced biphasic pulses modulated with extracted signal
envelopes are delivered to each electrode at a constant rate in a non-overlapping sequence. The
stimulation rate of each channel is relatively high, and the overlap across channels can also be
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eliminated. So, in the CIS strategy a channel is still generated by one implanted electrode. The
original spectrum is reproduced by 16 fixed channels, and all electrodes are turned on in a
predefined sequence within 16 consecutive clock cycles.
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Fig. 4. A block diagram of the ACE stimulating strategy.
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Fig. 5. A block diagram of the CIS stimulating strategy.
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2.2 Stimulating strategy using virtual channel

As described above, both ACE and CIS strategies only use fixed channels to reproduce the
original sound spectrum. There are, however, around 30,000 auditory nerve fibers in a
human ear, but only 16-22 electrodes can currently be implanted into a CI user’s ear to
generate 16-22 fixed channels. Due to the limitation of the electrode design, the electrode
has limited stimulation selectivity. Thus, these electrodes can only excite a small number of
specific auditory nerve fibers, thus restricts the resolution and information received by a CI
user is thus restricted.

2.2.1 Virtual channel technique

One possible way to achieve better spectral resolution is by increasing the number of
electrodes. If, however, the number of implanted electrodes is limited and fixed, an
alternative is to use the virtual channel technique (Donaldson et al., 2005; Koch et al., 2007).
This technique uses current steering to control the electrical interaction. When two (or more)
neighboring electrodes are stimulated in a suitable manner, intermediated channels, also
known as virtual channels, are created between the electrodes. These virtual channels can
enable CI users to perceive different frequencies between two fixed channels (Koch et al.,
2004; Choi & Hsu, 2009). Using the virtual channel technique not only allows for more
stimulating space, but also improves the reproduction of the original spectrum. This is
[ustrated by the example in Fig. 6. Fig. 6(a) shows a sample original spectrum, and Figs.
6(b) and (c) show spectrums generated using fixed and virtual channel techniques,
respectively. There appears to be much similarity between Fig. 6(a) and Fig. 6(c), but Fig.
6(b) is distorted from the original. Therefore, in order to better reproduce the original
spectrum and increase the perceptual quality of CI users, it would be beneficial to apply the
virtual channel technique to the stimulating strategies of cochlear implants.

Original Signal : i P : (a)
Frequency
Fixed Channels M’E— (b)
5 : ; : Location
Virtual Channels (-A'/{]\M— (c)
Location
Electrode Array - s = m = = = -

Fig. 6. A comparison of spectrums generated using different stimulating strategies. (a) A
sample original spectrum; (b) A spectrum generated using fixed channels; (c) A spectrum
generated using virtual channels.
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2.2.2 HiRes120 (Koch et al., 2004)

To apply the virtual channel technique to a cochlear implant system, each electrode must
have an independent power source to allow the current to be delivered simultaneously to
more than one electrode. Theoretically, with a fine control over the current level ratio of
neighboring electrodes, the locus of stimulation is steered between electrodes to create
virtual channels. The HiRes120 strategy, used in the Advanced Bionics implant, is the first
commercial stimulating strategy that uses the virtual channel technique. Virtual channels
are created by adjusting the current level ratio of two neighboring electrodes. Since the
Advanced Bionics implant has 16 implanted electrodes, there are 15 electrode pairs that can
be used to steer the focus of the electrical stimulation. Fig. 7 is a diagrammatic
representation of the HiRes120 strategy. For each frame of sound, the signal is divided by 15
band-pass filters and the envelope is extracted for every frequency band. In addition, 15
spectral peaks, which indicate the most important frequency within each frequency band,
are also derived using the Fast Fourier Transform (FFT). These spectral peaks are then steered
by corresponding electrode pairs based on the virtual channel technique. The HiRes120
strategy also delivers channels in sequence with a high stimulation rate similar to that of the
CIS. Thus, in the HiRes120 strategy a channel is generated by two neighboring electrodes.
The original spectrum is reproduced by 15 virtual channels, and all electrode pairs are
turned on in a predefined sequence within 15 consecutive clock cycles.
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Fig. 7. A block diagram of the HiRes120 stimulating strategy.
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3. Hybrid stimulating strategy
3.1 Four-Electrode Current Steering Schemes (FECSS) (Choi & Hsu, reviewing)

CI users with the HiRes120 strategy devices usually have better hearing performance
compared to those with the CIS strategy devices (Koch et al., 2004; Wilson & Dorman, 2008),
indicating that applying virtual channel technique does improve the perceptual quality of CI
users. However, since the HiRes120 strategy only adjusts the current level ratio of two
neighboring electrodes, its spectral resolution is actually not high enough due to the
relatively wider stimulation region of the immediate channels. For a channel with a wider
stimulation region, more auditory nerve fibers are excited. This increases the difficulty of CI
users to discriminate between different channels, and limits the total number of immediate
channels that can be generated. In the HiRes120 strategy only seven virtual channels are
generated between two electrodes.

If more adjacent electrodes are used to steer the current, it will narrow the stimulation
region to focus on firing specific auditory nerve fibers. Four-electrode current steering schemes
(FECSS) is a current steering technique developed to control four adjacent electrodes
simultaneously (Choi & Hsu, reviewing; Choi & Hsu, 2009). As shown in Fig. 8, the locus of
stimulation is focused between the middle electrode pair, and the stimulation region is
apparently narrower. This indicates that applying FECSS to stimulating strategies can help
the CI user hear sounds with more specific frequencies, thus improving the perceptual
quality and number of discriminable virtual channels.
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Fig. 8. Current steering technique. (a) Virtual channels generated using two adjacent
electrodes; (b) Virtual channels generated using four adjacent electrodes (FECSS).

3.2 Hybrid stimulating strategy (Choi et al., reviewing)

Although FECSS has the potential to achieve better hearing performance for CI users, it is
primarily an algorithm to control the electrical current spread spatially and does not
consider the activating sequence of the electrodes. Furthermore all current commercial
stimulating strategies are highly inflexible, because the number of electrodes used to
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generate a channel and the number of channels delivered in every clock cycle are both fixed,
which makes it difficult to closely reproduce the original sound spectrum.

In (Choi et al., reviewing) a flexible hybrid stimulating strategy is proposed to overcome the
limitations mentioned above. This strategy utilizes a combination of the two-electrode
current steering scheme (TECSS) and FECSS to reproduce the original sound spectrum. In
FECSS it has been shown that it is possible to generate a sharper spectral peak by using 4-
electrode stimulation (Choi & Hsu, reviewing). Hence, in the hybrid stimulating strategy
algorithm, TECSS and FECSS are used to generate wider and narrower spectral peaks,
respectively. The entire spectrum is delivered within eight to fifteen clock cycles, and a
number of spectral peaks are delivered in each clock cycle.

Select spectral peaks |

y

Select an undelivered spectral
peak with maximum energy

y

Find suitable electrodes and clock
cycle to deliver the selected spectral

All spectral peaks
are considered?

Fig. 9. A flowchart of the hybrid stimulating strategy.

Hybrid HiRes120 CIS ACE
Manufacture ok Adyar}ced Ad_var}ced Cochlear
Bionics Bionics
No. of implanted electrodes m 16 16 22
Yes Yes
Virtual channel technique (>300 (120 No No
channels) channels)
No. of spectral . 8~10 (fixed
peais ~n (adaptive) 15 16 (adjus(;table;
No. of electrodes at most 1
to generate a (adaptive) 2 1 1
To reproduce a channel
signal frame k (fixed 8~10 (fixed
& No. of clock cycle (a dj(ustab%e) 15 16 @ djug table;
No. of spectral
peaks per clock adaptive 1 1 1
cycle

Table 1. The characteristics of the stimulating strategy of cochlear implant system including
ACE, CIS, HiRes120, and hybrid.
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Fig. 9 shows a flowchart of the hybrid stimulating strategy. For each frame of sound, the
signal is divided by m band-pass filters. After the envelope information for every frequency
band is extracted, n (n > m) spectral peaks are derived using the FFT. A combination of
TECSS and FECSS is used to duplicate these n spectral peaks within k clock cycles. Each
selected spectral peak is generated by at most 1 adjacent electrodes (two or four electrodes)
and is scheduled to be generated within 8 to 15 clock cycles, without causing temporal and
spatial interactions. Notice that not all 1 spectral peaks will be selected at a time. Table 1 lists
the characteristics of stimulating strategies including hybrid, HiRes120, CIS, and ACE.

3.3 Hybrid stimulating strategy with psychoacoustic model (Choi et al., reviewing)

Hearing is not a purely mechanical wave propagation phenomenon, but also a sensory and
perceptual event. In the phenomenon called masking, as shown on Fig. 10, a weaker sound is
masked if it is made inaudible in the presence of a louder sound (Hellman, 1972; Zwicher &
Fastl, 2008).
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Fig. 10. An audio masking graph.

The psychoacoustic model is a computation model developed to detect the less
perceptually important components of audio signals. It has been successfully used in the
field of audio coding in order to reduce bandwidth requirements. Authors of the hybrid
stimulating strategy also incorporate their strategy with a psycho-acoustic model (Zwicher
& Fastl, 2008), and the implementation steps are shown in Fig. 11. After incorporating
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Fig. 11. A block diagram of the psychoacoustic model.
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the psychoacoustic model, the number of activated electrodes is reduced compared to basic
hybrid strategy, but more power is saved and the hearing performance of CI users is
retained.

Spectrum processing

‘Level processing L !
According to the shape of envelope of
each spectral band

Fig. 12. A block diagram of the acoustic cochlear implant model.

4. Experimental results
4.1 Acoustic cochlear implant model

When a new stimulating strategy for cochlear implants is developed, it is impractical to
apply it directly to a speech processor for testing by CI users. Researchers normally
implement the strategy in an acoustic cochlear implant model (also called a vocoder), to
simulate the sounds heard by CI users for conducting normal hearing tests with normal
hearing subjects first.

As shown in Fig. 12, an acoustic cochlear implant model was implemented using LabVIEW
(Choi et al., 2008), which contained two main paths. The spectrum processing path was used
to derive spectral peaks using FFT, and the temporal envelope information for every
frequency band was extracted in the level processing path. Both white noise and pure tones
were used as carriers to synthesize the sounds as heard by CI users. The stimulating
strategies implemented included the CIS, HiRes120, and hybrid, with and without a
psychoacoustic model.

4.2 Subjects and materials

Normal hearing tests were conducted to evaluate the performance of a hybrid stimulating
strategy (Choi et al., reviewing). Chinese sentences were used as test material (Tsai &
Chen, 2002), and subjects were asked to listen to each sentence and recognize the final
word. All sentences were mixed by multi-talker babble and white noise in 0, 5, or -5 dB
SNR (signal-to-noise ratio). All normal hearing tests were conducted in a quiet room. The
test subjects were 25 adults between 25 and 30 years old. SENNHEISER HD-380 PRO
headphones were used.
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4.3 Performance comparison of different stimulating strategies (Choi et al., reviewing)

Fig. 13 shows the results of the normal hearing tests for different stimulating strategies. The
mean recognition % and standard deviation are both presented in Fig. 13, and the higher
recognition % indicates more Chinese sentences can be correctly recognized. In general, the
hybrid strategy showed a better performance.

The recognition % achieved in different SNRs is as follows. An SNR of -5 dB is considered a
relatively noisy environment. The hybrid strategy achieved a recognition % of 50-70% at -5
dB SNR, a performance approaching that of people with normal hearing. The HiRes120 and
CIS only achieved recognition % of 40-50% and < 20%, respectively. These results indicate
that in a noisy environment the hybrid strategy has noticeable advantages compared to the
HiRes120 and CIS. With an SNR of 0 dB, the recognition % of the hybrid strategy was 80%-
85%, compared to 70%-85% for HiRes120 and <50% for CIS. With an SNR of 5 dB, a relative
quiet environment, both hybrid and HiRes120 strategies had a recognition % of >85%. The
CIS strategy also improved the recognition % to >50% when SNR was 5 dB.
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Fig. 13. Results of the normal hearing tests: a comparison among stimulating strategies CIS,
HiRes120, and hybrid. (a) Multi-talker babble; (b) White noise.

Two-way ANOVA and Post Hoc tests were used to further analyze the results obtained as
shown in Fig. 13. ANOVA indicated a significant main effect for SNR and the strategies. The
Post Hoc test indicated that there was always a statistically significant difference between
the hybrid and the CIS. Between the hybrid and the HiRes120, statistically significant
differences only existed at an SNR of -5 dB. When SNR was equal to 5 dB, the hybrid
performed similarly to the HiRes120 and no statistically significant difference existed
between them.

4.4 Performance comparison of hybrid strategy with and without psychoacoustic
model (Choi et al., reviewing)

Fig. 14 shows the results of the normal hearing tests for the hybrid strategy with and
without the psychoacoustic model, showing that the recognition % before and after
incorporating the psychoacoustic model are almost the same. ANOVA also indicated a
significant main effect for SNR, but no statistically significant difference existed between the
hybrid strategy with and without the psychoacoustic model. These results indicate that
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incorporating the hybrid stimulating strategy with the psychoacoustic model is a feasible
concept. The number of activated electrodes is reduced for power saving, and the hearing
performance can be successfully retained.
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Fig. 14. Results of normal the hearing tests: the comparison between hybrid strategy with
and without a psychoacoustic model. (a) Multi-talker babble; (b) White noise.

5. Conclusions

In this chapter we considered the most challenging problems currently facing CI research
and demonstrated the importance of the stimulating strategy in cochlear implant systems.
Some basic stimulating strategies used in commercial systems were reviewed, and a new
hybrid stimulating strategy based on the virtual channel technique was introduced. The
hybrid strategy can activate implanted electrodes in a more flexible way to reproduce the
original sound spectrum. The results from the normal hearing experiments show the hybrid
stimulating strategy achieves a better hearing performance when compared with the results
from commercial stimulating strategies. The hybrid strategy can also be incorporated with a
psychoacoustic model for power saving and load reduction on the stimulating cycles, without
compromising the hearing performance. We therefore believe that developing a new
stimulating strategy is a possible alternative to improving the hearing ability of CI users.
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1. Introduction

The auditory system provides a natural frequency-to-place mapping which is designated as
tonotopic organisation of the cochlea. In the normal-hearing system, the acoustic signal causes
a fluid pressure wave which propagates into the cochlea. At particular positions within the
cochlea, most of the energy of the wave is absorbed causing mechanical oscillations of the
basilar membrane. The oscillations are transduced into electrical signals (action potentials)
in neurons by the action of the inner hair cells. Waves caused by low input frequencies
travel further into the cochlea than those caused by high frequencies. Thus, each position of
the basilar membrane can be associated with a particular frequency of the input signal
(Greenwood, 1990). This natural form of frequency-to-place mapping, together with the fact
that the positioning and fixation of an intrascalar electrode array is comparatively simple, is
likely one of the most important factors for the success of cochlear implants as compared to
other sensory neural prostheses.

1.1 The "Continuous Interleaved Sampling” stimulation strategy

In the late 1980s, Wilson and colleagues introduced a coding strategy for cochlear implants
designated as "Continuous Interleaved Sampling" (CIS) strategy (Wilson et al., 1991).
Supporting significantly better speech perception in comparison to all other coding
strategies at the time, CIS became and still is the de-facto standard among CI coding
strategy. CIS signal processing involves splitting up of the audio frequency range into
spectral bands by means of a filter bank, envelope detection of each filter output signal, and
instantaneous nonlinear compression of the envelope signals (map law).

According to the tonotopic principle of the cochlea, each stimulation electrode in the scala
tympani is associated with a band pass filter of the external filter bank. High-frequency
bands are associated with electrodes positioned more closely to the base, and low-frequency
bands to electrodes positioned more deeply in the direction of the apex. For stimulation,
charge-balanced current pulses - usually biphasic symmetrical pulses - are applied. The
amplitudes of the stimulation pulses are directly derived from the compressed envelope
signals. These signals are sampled sequentially, and, as the characteristic CIS paradigm, the
stimulation pulses are applied in a strictly non-overlapping way in time. Typically, the pulse
sampling rate per channel is within the range of 0.8-1.5 kpulses/sec.
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Many investigators have aimed at finding optimum CIS parameters for best speech
perception, e.g., for parameters such as number of channels, stimulation rate per channel,
etc. (Loizou et al., 2000). It turns out that four channels seem to be the absolute minimum
number of channels for reasonable speech intelligibility, and speech perception reaches an
asymptotic level of performance at about ten channels. Stimulation rates higher than about
1.5 kpulses/sec per channel also do not substantially improve speech perception.

Other approaches to improve speech recognition are based on the idea that neurons should
have some activity even in the absence of an acoustic input. In a normal-hearing system
such an activity is present and is generally designated as “spontaneous activity”, i.e.,
neurons produce action potentials and cause a type of noise floor of neural activity.
Following the principle of stochastic resonance (Morse & Evans, 1999), such a noise floor
could provide a more natural representation of the envelope signals in the spiking patterns
of neurons. In the deaf ear, there is no or very little spontaneous activity of neurons. To
combine the CIS strategy with principles of stochastic resonance, it has been suggested to
introduce high-frequency pulse trains with constant amplitudes - so-called “conditioner
pulses” - in addition to the CIS pulses (Rubinstein et al., 1999). However, such approaches
have so far not found their way into broad clinical applications, partly because no
substantial improvement in speech intelligibility has been found and partly for practical
reasons, because the power consumption of the implants is considerably increased.

1.2 Temporal fine structure

According to the principles of the Fourier transform, each signal can be decomposed into
a sum of sinusoids of different frequencies and amplitudes. Following Hilbert (Hilbert,
1912), an alternative way of signal decomposition is to factor a signal into the product of a
slowly varying envelope and a rapidly varying temporal fine structure. Hilbert's
decomposition is particularly useful in the case of band pass signals as used in a CIS filter
bank. Considering the response of a band pass filter to a voiced speech segment, the
envelope carries mainly pitch frequency information. Temporal fine structure information
is, first of all, present in the position of the zero crossings of the signal and shows the
exact spectral position of the center of gravity of the signal within its band pass region,
including temporal transitions of such centers of gravity. For example, the temporal
transitions of formant frequencies in vowel spectra are highly important cues for the
perception of subsequent plosives of other unvoiced utterances. Furthermore, a close look
at the details of a band pass filter output also reveals that the pitch frequency is clearly
present in the temporal structure of the zero crossings.

It is known from literature that the neurons in the peripheral auditory system are able to
track analogue electrical sinusoidal signals up to about 1kHz (Hochmair-Desoyer et al.,
1983; Johnson, 1980). However, CIS is entirely based on envelope information, and temporal
fine structure information is largely discarded. For example, consider the response of an
ideal CIS system (filter bank composed of ideal rectangular band pass filters) to a sinusoidal
input signal with constant amplitude and a frequency which is swept over the whole input
frequency range. Then one channel after the other will generate an output. The CIS response
reflects the approximate spectral position of the input signal (i.e., the information, which
band filter within the filter bank is responding), but within each responding filter, there is
no further spectral resolution.
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Smith and colleagues (Smith et al.,, 2002) described an experiment with normal-hearing
subjects based on a vocoder-type signal processor similar to CIS. Audio input signals were
split up by means of a filter bank, and both envelope and temporal fine structure
information was extracted from each channel. So-called “auditory chimaeras” were then
constructed by combining, across channels, the envelopes of one sound with the temporal
fine structure of a different sound. By presenting these auditory chimaeras to normal-
hearing listeners, the relative perceptual importance of envelope and fine structure was
investigated for speech (American English), musical melodies, and sound localization. The
main outcome was that for an intermediate number of 4 to 16 channels, the envelope is
dominant for speech perception, and the temporal fine structure is most important for pitch
perception (melody recognition) and sound localization. When envelope information is in
conflict with fine structure information, the sound of speech is heard at a location
determined by the fine structure, but the words are identified according to the envelope.

In the light of these results, standard CIS is a good choice for the encoding of speech in
Western languages (e.g., for American English). However, regarding music perception and
perception of tone languages (e.g., Mandarin Chinese, Cantonese, Vietnamese, etc.), CIS
might be suboptimal due to the lack of temporal fine structure information.

1.3 Spatial channel interaction

One basic problem in cochlear implant applications is spatial channel interaction. Spatial
channel interaction means that there is considerable geometric overlap of the electrical fields
at the location of the excitable neurons, if different stimulation electrodes in the scala
tympani are activated. Thus, the same neurons can potentially be activated if different
electrodes are stimulated. Spatial channel interaction is mainly due to the conductive fluids
and tissues surrounding the stimulation electrode array.

One approach to defuse spatial channel interaction is to employ particular electrode
configurations which aim at concentrating electrical fields in particular regions. Bipolar or
even multipolar configurations have been investigated. These configurations have in
common that active and return electrodes are positioned within the scala tympani of the
cochlea (Miyoshi et al., 1997; van den Honert & Kelsall, 2007; van den Honert &
Stypulkowski, 1987). For example, a bipolar configuration uses single sink and source
electrodes which are typically separated by 1-3 mm. The main disadvantage of these
approaches is that comparatively high stimulation pulse amplitudes are necessary to
achieve sufficient loudness. This is because the conductivity between the active electrodes
represents a low-impedance shunt conductance which causes most of the current to flow
within the scala tympani and only a small portion to reach the sites of excitable neurons.

Regarding power consumption, the most effective electrode configuration is the monopolar
configuration. Monopolar means that only one active electrode is within the scala tympani,
and a remote return electrode is positioned outside. E.g., a 12-channel CIS system
employing monopolar stimulation uses a 12-channel electrode array within the scala
tympani and a return electrode which may by positioned under the temporal muscle and is
shared by all 12 electrodes. In CIS, only one electrode of the array is active at any given time
(non-overlapping pulses).
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Remarkably, although spatial channel interaction in bipolar or multipolar configurations is
substantially less than in monopolar configurations, this advantage in general cannot be
converted to better speech perception, as has been shown in a number of studies (Loizou et
al., 2003; Stickney et al., 2006; Xu et al., 2005). Thus, monopolar configurations are widely
used in clinical applications.

The channel separation in systems using monopolar electrode configurations may be
improved by a closer positioning of the active electrodes to the excitable structures. Such
special electrode arrays are designated as “modiolus-hugging” or “perimodiolar” arrays,
and a variety of designs have been developed (Lenarz et al., 2000; Wackym et al., 2004).
However, one basic requirement of modiolus-hugging electrode arrays is that after
implantation the array should not exert any permanent mechanical pressure on the
structures within the cochlea, because mechanical pressure can damage neural tissue or
cause ossification if applied to bony structures. As a matter of fact, this requirement is
difficult to meet in most approaches. Temporal bone studies have shown that modiolus-
hugging electrodes increase the danger of basilar membrane perforations and spiral lamina
fractures (Gstoettner et al., 2001; Richter et al., 2002; Roland et al., 2000). Besides, even if the
array is closer to the modiolus, the surrounding conductive fluids will still cause broad
potential distributions, and it is questionable whether a substantial improvement of channel
separation is possible at all.

2. Supporting concepts

Fine structure stimulation strategies require a precise representation of temporal
information in individual electrode channels. Maintaining the CIS paradigm of using
non-overlapping pulses, the precision of representation is limited by the minimum phase
duration of sequentially applied biphasic stimuli (Zierhofer, 2001). To relax such limitations
and allow the implementation of fine structure stimulation with reasonable phase durations
on multiple channels, two "supporting concepts" are investigated, i.e.,, simultaneous
stimulation in combination with "Channel Interaction Compensation" (CIC) and the
"Selected Groups" (SG) concept.

Both supporting concepts may generally be useful also for envelope-based stimulation
without temporal fine structure. For example, the power consumption of a cochlear implant
may be reduced without compromising the hearing performance.

As a first step, the supporting concepts have been evaluated with envelope-based coding
strategies and compared to a standard CIS reference strategy.

2.1 Simultaneous stimulation
2.1.1 Channel interaction compensation

For the stimulation concept presented here, the simultaneous activation of two or more
electrodes in the scala tympani against a remote return (ground) electrode is considered. As
a basic requirement for simultaneous stimulation, pulses are 100% synchronous in time and
have equal phase polarities. In the following, such pulses are designated as "sign-
correlated".
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The injection of a stimulation current into a single electrode will cause a particular voltage
distribution within the scala tympani. If currents are simultaneously injected in more than
one electrode, the individual voltage distributions are superimposed.

The basic idea of CIC is to replace a particular number of sequentially applied stimulation
pulses (CIS paradigm) by the same number of simultaneously applied sign-correlated
pulses. However, the amplitudes of the simultaneous pulses are reduced such that the
electrical potentials at the position of the electrodes remain unchanged. Regarding the
practical realization in a cochlear implant with limited space- and power resources, CIC
based on general assumptions regarding voltage distributions is a computational challenge.

The computational cost for CIC can be reduced significantly, if a model of voltage
distributions as shown in Fig. 1 is used (Zierhofer & Schatzer, 2008).

Base

Apex

Fig. 1. Model of voltage distributions in the scala tympani as responses to unit currents in
individual electrodes Ej, Ey, ..., E12 of a 12-channel array.

Each voltage distribution represents the response to a unit current in a single electrode and
is composed of two branches with exponential decays (constants A, towards the apex, and
Ag towards the base). Due to the varying diameter of the scala tympani, the unit responses
are place-dependent. The peaks of the distributions are also assumed to be located on an
exponential characterized by constant A,.

Assuming equally spaced electrodes (distance d), decay constants A, Ag, and A, define CIC
parameters o, , and vy, i.e.,

o =exp _kij (1a)

p=exp —%} (1b)
B

y=exp —%] (19
Y
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Assuming M sequential amplitudes Iisequ (k=1,2,.., M) applied in M electrodes, the
relation between the sequential amplitudes and the simultaneous amplitudes
L (k=1,2, .., M)is given by the set of linear equations

Isequ,l 11
Isequ,Z -H Iz (2)
Isequ,M IM
where H denotes the "interaction matrix"
2 M-1
1 Yo (ya)” .. (o)
M-2
B 1 yoo . (ya)
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With (2), the simultaneous amplitudes are obtained with
Il Isequ,l
I2 :H_l Isequ,2 (4)
IM Isequ,M

where H-! represents the inverse matrix of H. It can be shown that, fortunately, matrix H- in
general exists and is a tri-diagonal matrix. For a more detailed description the reader is
referred to (Zierhofer & Schatzer, 2008).

2.1.2 Results

Sentence recognition in noise was assessed using the adaptive German Oldenburg sentence
test (OLSA) in noise (Kollmeier & Wesselkamp, 1997). The test comprises 40 lists of 30
sentences each. The corpus is a closed set of nonsense sentences with a fixed name-verb-
numeral-adjective-object word arrangement. As masker, unmodulated speech-shaped noise
with the same spectral envelope as the long-term average spectrum of speech according to
the standardized Comité Consultatif International Téléphonique et Télégraphique (CCITT)
Rec. 227, was used (Fastl, 1993). The speech level was kept constant at comfortable loudness,
while the level of the competing noise was varied adaptively. The speech reception
threshold (SRT) was assessed at the 50% intelligibility point. The speech-noise mixture was
fed into a MED-EL OPUSI research processor via direct input (automatic gain control by-
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passed). Galvanic separation between PC sound card and speech processor was provided
via an audio isolation transformer. The results of two experiments are presented here.

Experiment 1 assessed the effect of varying the number of simultaneous electrodes.
Variations included 2, 3, 4, half and all electrodes stimulated simultaneously with optimum
subject-specific CIC parameters o, B, and y. In this experiment, the distances between
simultaneously stimulated electrodes were maximized. For example, for configuration P2 in
a ten-channel setting, the electrode addresses of simultaneously stimulated electrodes are
[1,6], 12, 7], [3, 8], [4, 9], and [5, 10].

Group results for six MED-EL CI users are shown in Fig. 2. Because the data did not meet
the equal-variance criterion for the parametric analysis of variance (ANOVA) test, they were
analysed with a non-parametric Friedman repeated-measures (RM) ANOVA test on ranks.
This test revealed a significant effect of the number of simultaneous electrodes on speech
test performance (p < 0.05). Post-hoc multiple comparisons using Dunn’s method indicated a

significantly inferior test performance with the all-simultaneous setting Pall in comparison
to CIS.
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Fig. 2. SRT differences relative to CIS as a function of the number of simultaneous
electrodes. Horizontal lines within the interquartile-range boxes indicate median SRT
differences, whiskers encompass the ranges of SRT differences. The number of
simultaneously activated electrodes was maximized. Only simultaneous stimulation of all
electrodes significantly deteriorates test performance as compared to CIS (as marked by an
asterisk).

Experiment 2 assessed the effect of varying the number of simultaneous channels for
adjacent electrodes, in contrast to maximally separated electrodes as in the prior experiment.
CIC parameters o, , and y were again individually adjusted.

Group means for five MED-EL CI users are shown in Fig. 3. A one-way RM ANOVA
revealed no significant effect of electrode distances on mean SRTs (F(2,12) = 0.016, p = 0.984).
Parametric test requirements for the ANOVA, i.e. normal distributions and equal variances,
were verified with a Shapiro-Wilk (p =0.059) and Levene test (p =0.963), respectively.
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However, because of the small sample size and the resulting low statistical power (p = 0.049)
of this test, results have to be considered as preliminary.

5

N=5

SRT difference re. CIS (dB)

'5 T T
P2min P3min

Fig. 3. SRT differences relative to CIS in a group of five subjects for two and three adjacent
electrodes being stimulated simultaneously. Here, speech test performance is on a par to
sequential stimulation with CIS, in contrast to the two- and three-electrodes settings P2 and
P3 with maximum electrode separation in Fig. 2.

2.1.3 Discussion

Throughout all test conditions, including the CIS control condition, frame rates and phase
durations were kept constant. In all configurations, the same amount of information was
represented, which is why no advantage in performance of CIC as compared to CIS was
expected.

Simultaneous stimulation on up to four maximally separated electrodes results in a slight,
but not statistically significant, decrement in performance. When half of the electrodes are
stimulated simultaneously, the decrement in performance is larger, but still not significant.
The CIC configuration with all electrodes stimulated simultaneously leads to a statistically
significant decrement in speech perception.

For CIC configurations with two or three neighboring electrodes the results are on a par
with CIS and show no trend to a degradation of speech recognition. Thus, minimizing the
distance between simultaneous electrodes is the recommended CIC configuration.

If the stimulation configuration is switched from a sequential to a simultaneous setting and
the parameters are properly chosen, there should be no difference in loudness.
Simultaneous stimulation without CIC leads to a percept that is too loud and requires an
overall reduction of stimulation levels, e.g., by means of a volume control. However, this
leads to an information loss in the stimulation pattern and speech perception is impaired
(Zierhofer et al., 2009). On the other hand, overcompensation with CIC is also possible. If the
spatial parameters o, , and y are set too high (e.g., too close to one), the perceived loudness
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is too low and an overall increase of stimulation levels is necessary. Also in this case, speech
perception is compromised. Thus, the subjective loudness is an indication for the quality of
the choice of CIC parameters a, 8, and y.

Regarding fine structure stimulation strategies, simultaneous stimulation based on CIC
represents a powerful tool. The overall number of stimulation pulses per second can be
increased without reducing the phase durations. For example, in a CIC configuration with
two simultaneous electrodes, the overall number of stimulation pulses per second can be
doubled by filling up the temporal gaps between pairs of simultaneous pulses by additional
pairs of simultaneous pulses.

2.2 The "Selected Groups" approach
2.2.1 Concept

It is well known that neurons show refractory behaviour. Immediately after an action potential
has been elicited, a neuron cannot fire again during the absolute refractory period (typically
about 0.8 ms in the neurons of the auditory system). After that, the excitation threshold
decreases to the normal value within the relative refractory period (typically 7-10 ms).

Spatial channel interaction in combination with the refractory properties of the neurons lead
to pronounced masking effects. For example, in response to a first stimulation pulse, most
neurons will be activated in the immediate proximity of the stimulation electrode, and the
number of activated neurons will decrease with increasing distance to the electrode. These
neurons cannot be retriggered during the absolute refractory period. If a second stimulation
pulse in another electrode is applied in this period, its efficacy will depend on the distance
between the two electrodes. If the second pulse occurs in an adjacent electrode, it will elicit
additional action potentials only when the amplitude is approximately equal to or higher
than the amplitude of the first pulse. If it is lower, it will be almost entirely masked by the
first pulse and largely unable to elicit additional action potentials. It is intuitively clear that
the neural activation pattern will not differ substantially if, as opposed to both stimulation
pulses, only the pulse with the larger amplitude is applied. However, as the distance
between activated electrodes is increasing, the minimum amplitude required to elicit
additional neural activity gradually decreases.

The basic idea of the SG approach is to detect and avoid pulses with high masking factors
(Kals et al., 2010; Zierhofer, 2007). Neighbouring stimulation channels, i.e. channels with
presumably high interaction, are arranged into groups. Within each stimulation frame, a
particular number of active channels with the highest amplitudes in each group are selected
for stimulation. The pulses with the smaller amplitudes are omitted. With SG, a uniformly
distributed stimulation activity over all cochlear regions is ensured, and a clustering of
pulses at particular electrode positions is avoided.

In a formal notation, groups of channels are represented within brackets. The index after the
closing bracket denotes the number of channels within a group which are selected for
stimulation. For example, [1 2]; [3 4] [5 6]1 [7 8]1 [9 10]; [11 12]; represents a twelve-channel
configuration, where two adjacent channels each form a group, resulting in six “Selected
Groups”. Within each one of these six groups, the channel with the larger amplitude is
dynamically selected for stimulation. In short, such a configuration is denoted as SG_1/2.
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Note that CIS and NofM represent special cases of the SG concept (McKay et al., 1991;
Wilson et al., 1988). E.g., a twelve-channel CIS strategy would be described by [1]: [2]: [3]:
[4]1 [5]1 [6]1 [7]1 [8]1 [9)1 [10]: [11]1 [12]1, corresponding to the trivial case of SG with group
size one and one active channel per group (in short, this would be denoted as SG_1/1). A
60f12 strategy is described by [123 456 7 8 9 10 11 12]¢, corresponding to SG with one
single group comprising all twelve channels from which six are dynamically picked (in
short, this is denoted as SG_6/12).

2.2.2 Results

Speech recognition with CIS and SG was assessed by measuring SRTs for German OLSA
sentences in CCITT noise. Throughout all test conditions, including the CIS control
condition, frame rates were kept constant. Two experiments were conducted.

Experiment 1 assessed the effect of group size variations, using the same phase durations as
for CIS. Thus, according to the SG algorithm, stimulation pulses were simply discarded, and
the resulting gaps were not filled with any additional pulses.

Individual and group means of the SRTs for nine tested ears (N =9) are shown in Fig. 4.
Mean SRTs for SG_1/2, SG_1/3, and SG_1/4 increased respectively by 0.3+0.5dB,
0.6£0.9 dB, and 1.8+1.0 dB (mean*95% confidence interval) compared to the CIS control
condition. A one-way RM ANOVA (Shapiro-Wilk normality test p = 0.326, Levene equal
variance test p =0.758) revealed a significant effect of the group size on mean SRTs
(p <0.001, F(3,24) = 9.275). Post-hoc Holm-Sidak multiple comparisons against CIS indicated
a significant difference for SG_1/4 only (p = 0.004, o = 0.017). Conditions SG_1/2 (p = 0.163,
o =0.050) and SG_1/3 (p = 0.189, o = 0.025) were not significantly different from CIS.
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Fig. 4. SRTs for OLSA sentences in CCITT noise in eight subjects with CIS and three SG
configurations including group sizes of two, three, and four. Error bars represent the
standard deviations in the individual results. A significant difference among group means
in comparison to CIS was found for setting SG_1/4. (From Kals et al., 2009. Used with
permission of Elsevier B.V.)

Experiment 2 assessed the effect of doubling pulse phase durations with SG. Only one SG
condition with a group size of two was used, and the phase durations of the stimulation
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pulses were doubled compared to CIS. Configurations with doubled pulse phase duration
are denoted with the suffix "2DUR". For double phase duration, new MCL and THR levels
were determined.

Results are summarized in Fig. 5, showing individual and group means of SRTs for six
tested ears (N = 6). The mean SRT for SG_1/2-2DUR was 0.5+0.9 dB lower than the mean
SRT for CIS. However, this difference was not significant (p =0.184, ¢(5) = 1.540; Shapiro-
Wilk normality test p = 0.799). Due to the small sample size and low statistical power of the
test (p = 0.155), however, results need to be regarded as preliminary. The doubling of phase
durations resulted in a significant reduction of both MCL and THR currents. MCL and THR
levels were lower by 5.0+2.2 dB (p = 0.002) and 7.1+4.3 dB (p = 0.008), respectively.
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Fig. 5. SRTs for OLSA sentences in CCITT noise in five subjects with CIS and SG with
doubled phase duration and a group size of two. Error bars represent the standard
deviations in the individual results. No statistically significant differences between group
means (a = 0.05) were found. (From Kals et al., 2009. Used with permission of Elsevier B.V.)

2.2.3 Discussion

For group sizes two and three, SG supports the same sentence recognition in noise as CIS.
This suggests that a dynamic selection of up to one third of the stimulation pulses with SG
still includes all relevant pulses, at least for this particular type of test materials. SG provides
a simple and robust selection algorithm for increasing the efficacy of the applied stimulation
pulses and does not require any subject-specific parameters. Hence, the application in
current implant designs is straightforward. With a further pulse reduction (group sizes
larger than three), SG starts to suppress relevant pulses, resulting in a significant decrement
in performance.

The dynamic channel-picking with SG may be utilized to increase pulse phase durations
and consequently reduce pulse amplitudes, yielding to less stringent implant supply voltage
requirements. In our test setup, pulse amplitude reductions of about 40% with doubled
phase durations and a group size of two supported sentence recognition scores which were
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on a par with CIS. Such a reduction is likely to be beneficial for future designs of low-power
or totally implantable cochlear implants. Additionally, longer phase durations resulted in
larger electrode dynamic ranges, which may support better speech reception in CI users.

During testing, subjective sound quality was informally assessed with settings including
both standard and longer phase durations. All test settings were presented multiple times in
random order to the subjects, with live speech or speech test materials as input signals.
Subjects did not know which setting was presented at any time. Most of them indicated
SG_1/2-2DUR as their preferred setting.

3. Electric-acoustic pitch comparisons in unilateral Cl subjects

In the peripheral auditory system, frequency information is thought to be encoded by a
combination of two mechanisms. The first mechanism, or place principle, is based on the
notion that the place of maximum excitation along the organ of Corti changes systematically
as function of stimulus frequency, as previously mentioned (von Békésy, 1960; von
Helmbholtz, 1863). Low frequencies are “mapped” at the cochlear apex and high frequencies
at the cochlear base. For humans and other mammals, cochlear frequency-place maps are
well known (Greenwood, 1990, 1961). The second mechanism, or time principle,
hypothesizes that stimulus frequency is encoded in the temporal structure of neural
discharge patterns. Mediated by the phase locking properties of auditory nerve fibers
(Johnson, 1980), neural discharges occur in synchrony to the individual harmonics of
subharmonics of a stimulus waveform.

Cochlear implants implicitly assume that both place and time principles equally apply for
electrical stimulation, as they do for normal acoustic stimulation. Frequency bands in implant
speech processors are assigned to electrodes in tonotopic order. With CIS and related coding
strategies, channel envelope modulations sampled by interleaved constant-rate pulse carriers
represent a temporal code for periodic harmonic stimuli. However, due to the vastly different
modality of neural excitation with electric and acoustic stimulation, the frequency-place map
for electrical stimulation might differ from Greenwood’s map for humans, and temporal cues
to pitch mediated by phase locking may be encoded more robustly using other stimulus
patterns than the CIS channel envelopes sampled at constant pulse rates. Although studies
show that learning can compensate to a certain extent for a frequency-place mismatch (Svirsky
et al, 2004), an optimal assignment of frequency bands based on a measured electrical
frequency-place map may be beneficial in terms of CI performance and how fast asymptotic
levels of performance are reached in newly implanted CI users.

In recent years, cochlear implants have become an effective treatment option for patients
with single-sided deafness and intractable ipsilateral tinnitus (Van de Heyning et al., 2008).
With near-normal hearing in one and a CI in the contralateral ear, direct comparisons of
normal and electric hearing are possible in this unique subject population. At our
laboratory, we were in the fortunate situation to study such a group of unilateral CI subjects
implanted by Prof. Van de Heyning at the University Hospital Antwerp, Belgium. One aim
of the study was to assess the frequency-place map for high-rate electrical stimulation, using
a different methodology than similar studies in CI users with contralateral hearing (Boéx et
al., 2006; Carlyon et al., 2010; Dorman et al., 2007; Vermeire et al., 2008). The second aim
was to investigate the relative contributions of rate and place to pitch, in particular for low
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frequencies, i.e. in the apical region. Preliminary results from this study have been
presented by the authors and colleagues (Schatzer et al., 2009a; Vermeire et al., 2009).

In our study group, the frequency-place maps were between Greenwood and one octave
below at basal and medial electrode positions, levelling off in the apical region to on average
correspond to Greenwood. This levelling-off is likely to be a consequence of the absence of
any temporal code in the constant-amplitude 1.5 kpulses/sec pulse trains that could be
perceived by CI users (with electrical stimulation, there seems to be a canonical pitch
saturation limit of 300-500 Hz, where a further increase of pulse rate does not result in a
further increase of perceived pitch, as for lower rates), but may also be due to the cochlear
anatomy in the apex. Whereas in the basal cochlear turn auditory nerve fibers innervating
the organ of Corti take a radial course, in the apical turn they gradually take on a more
tangential course. Additionally, the spiral ganglion holding the cell bodies of the bipolar
auditory neurons does not reach all the way to the apical turn, forming a cluster of cell
bodies at its apical end. As electrodes sit in close proximity to the organ of Corti, current
spread on apical electrodes may target more innervating fibers or spiral ganglion cells as on
basal electrodes, producing a broader and less distinct pitch percept.

The most interesting finding emerging from the second experiment was that for electrical
stimulation place and rate, or in other words spatial and temporal cues, may have to match
to produce a robust pitch percept. For instance, most subjects could only match electrical
stimuli reliably to low-frequency pure tones ranging from 100 to 200 Hz, if those electrical
stimuli had a correspondingly low pulse rate and were applied on electrodes inserted more
than 360 degrees from the round window into the cochlea. Thus, in order to produce low
pitch percepts in the FO range, electrodes need to be placed beyond the first cochlear turn.
This finding is of particular relevance to the design of coding strategies that represent
within-channel temporal fine structure information as channel-specific rate codes on apical
electrodes, as discussed in in the following section.

This observation is consistent with findings in normal-hearing listeners. Oxenham and
colleagues (Oxenham et al.,, 2004) demonstrated that pitch discrimination thresholds for
“transposed” acoustic stimuli, where the temporal information of low-frequency sinusoids
is presented to locations in the cochlea tuned to high frequencies, are significantly
deteriorated compared to discrimination thresholds for pure tones. Also, using harmonic
transposed stimuli, they found that subjects were largely unable to extract the fundamental
frequency from multiple low-frequency harmonics presented to high-frequency cochlear
regions. These results also indicate the importance of a match between temporal and
tonotopic cues for a robust pitch perception.

4. Temporal fine structure with Channel Specific Sampling Sequences
4.1 Concept

The basic idea of a stimulation strategy based on "Channel Specific Sampling Sequences"
(CSSS) is to add fine time information to the envelope information already present in a
speech processor, at least in the low-frequency filter bands (Zierhofer, 2003). For this, a
particular stimulation pulse sequence composed of high-rate biphasic pulses (typically
5 kpulses/sec per channel) is associated to the filter channel. Such a sequence is designated
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as "Channel Specific Sampling Sequence" and has a programmable length (number of
pulses) and a programmable amplitude distribution. The length of a CSSS sequence can be
anywhere from a single-pulse to a sequence of 16 pulses.

For stimulation, the sequences are triggered by the zero-crossings (e.g., negative-to-positive)
of the band pass filter output signal. The individual sequences are weighted by the
instantaneous envelopes of the output signal. Note that such a stimulation sequence
contains both envelope- and temporal fine structure information. An example is shown in
Fig. 6, where the sampling sequence is a pair of pulses. The sampling sequences are started
at every other zero crossing of the band pass filter output (upper panel). The weights of the
sequences are derived from the envelope of the band pass output signal.

Fig. 6. Example for stimulation according to the CSSS concept. Upper panel: Output of a
band pass filter from 450 to 603 Hz. Lower panel: CSSS stimulation sequence. Each vertical
line represents a biphasic stimulation pulse. Here, the sampling sequences are double
pulses, separated by 0.25 ms. The sequences are started at every other zero crossing of the
band pass output.

Given the phase-locking limit of primary auditory neurons (Johnson, 1980) and the finding
that in CI subjects the so-called “rate pitch” shows an upper boundary at about
300-500 pulses/sec in most subjects (Wilson et al., 1997; Zeng, 2002), but can also extend up
to about 1 kpulses/sec (Hochmair-Desoyer et al., 1983; Kong & Carlyon, 2010), a stimulation
based on CSSS seems appropriate only for stimulation channels below about 1 kHz. For
higher-frequency channels, CIS stimulation based on envelope information only is applied.
Thus, in practical implementations, a mixture between low-frequency CSSS channels and
high-frequency CIS channels will be reasonable. For convenience, such a mixture between
CSSS and CIS channels is designated as CSSS concept in the following.

4.2 Results

Effects of CSSS fine structure stimulation on speech recognition in competing-voice back-
grounds and for the recognition of tonal languages have been investigated in recent studies,
conducted at our laboratories and at Queen Mary Hospital in Hong Kong, China (Schatzer
et al., 2010).
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4.2.1 CSSS study in our laboratories
Subjects and strategy settings

In eight MED-EL implant subjects, SRTs were measured for OLSA sentences using a female-
talker sentence as masker. Strategies were fitted and tested acutely with no listening
experience for the subjects.

The overall frequency range for both CIS and CSSS settings was 80 to 8500 Hz. For CSSS,
4 CSSS channels from 80 to 800 Hz were arranged in two selected groups [1 2], and [3 4].
Maximum pulse rates were 4545 and 1515 pulses/sec on CSSS and CIS channels,
respectively. Sequences were double pulses on CSSS channels 1 and 2 and single pulses on
CSSS channels 3 and 4.

Results and discussion

Individual and group results for the eight subjects are shown in Fig. 7. A paired t-test
revealed a statistically significant difference among group means of 1.0dB (p =0.008,
£(12) = 3.192, Shapiro-Wilk normality test p = 0.675), with better performance for the CSSS
condition.
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Fig. 7. Individual and group results for OLSA sentences presented with a competing female-
talker masking sentence.

In this study a significant improvement in speech perception was found in acute tests.
Results reported in literature often do not find an initial benefit for CSSS (Schatzer et al.,
2009b), but an improvement over time (Lorens et al., 2010; Riss et al., 2011).

4.2.2 CSSS study in Hong Kong

Subjects and test materials

Twelve adult and experienced implant users participated in this study. All subjects are
native speakers of Cantonese and implanted with MED-EL C40+ or PULSARc!® devices
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with full electrode insertions. At the time of testing, all participants were users of the
MED-EL TEMPO+ speech processor and had no prior exposure to temporal fine structure
stimulation.

Test materials included the Cantonese lexical tone identification test and the Cantonese
Hearing in Noise (CHINT) sentence test. The tone identification test was presented at a
subject-specific constant SNR, i.e. CCITT noise was added on a per-subject basis to avoid
ceiling effects, if necessary. Acutely compared test settings comprised CIS and CSSS.

The overall frequency range for both CIS and CSSS settings was 100 to 8500 Hz. For CSSS,
4 CSSS channels from 100 to 800 Hz were arranged in two selected groups [1 2] and [3 4]:.
Maximum pulse rates were 4545 and 1515 pulses/sec on CSSS and CIS channels,
respectively. Sequences on CSSS channels were quarter-sine shaped. For further details, the
reader is referred to (Schatzer et al., 2010).

Results and discussion

Group results of CIS and CSSS performance for Cantonese tones and sentences are
illustrated in Fig. 8. Mean identification scores of Cantonese lexical tones in 12 subjects were
59.2415.2 % (mean#standard deviation) with CIS and 59.2+15.3 % with CSSS, indicating
identical intelligibility with CIS and fine structure stimulation (paired t-test on percent-
correct scores, p=0.972, t(11)= 0.036; Shapiro-Wilk normality test p=0.873). Mean
identification scores for CHINT sentences were 54.2+27.7 % with CIS and 55.9£22.8 % with
CSSS, indicating no significant difference (paired t-test, p = 0.676, £(7) = 0.436; Shapiro-Wilk
normality test p = 0.539).
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Fig. 8. Group results for Cantonese tone identification (left panel, 12 subjects) and CHINT
sentences (right panel, 8 subjects) with CIS and CSSS, respectively.

These findings are consistent with results from studies in which experienced CI users were
switched from CIS to fine structure stimulation, showing equal performance for the two
coding strategies at baseline, and a statistically significant benefit with fine structure
stimulation only after weeks or even months of fine structure use (Arnoldner et al., 2007).



A Fine Structure Stimulation Strategy and Related Concepts 107

4.2.3 Expanded pitch range with CSSS

When being switched from CIS to fine structure stimulation with CSSS, many CI recipients
report an overall pitch shift towards lower frequencies. This effect was explored and quantified.

Subjects and methods

Seven experienced cochlear implant subjects participated in the study. The stimuli were
500 ms harmonic tone complexes with a spectral roll-off of 9 dB per octave, presented via
the direct input of an OPUS] research speech processor. All stimuli were carefully balanced
for equal loudness before running the actual experiment. Additionally, in order to prevent
the participants from basing their decisions on residual loudness differences, amplitudes
were roved by 2 dB during the main experiment.

For pitch comparisons, a method of constant stimuli was utilized. Subjects were asked to
compare the pitch of the harmonic tone complexes presented in two 500-ms intervals
separated by 300 ms. In the first interval a harmonic tone was presented with the first
strategy (either CSSS or CIS), in the second interval another harmonic tone was presented
with the second strategy. Based on psychometric functions fitted to the data, points of
subjective equivalence were derived. These indicated which pair of F0s elicited the same
pitch when one of them was processed with the CSSS strategy and the other one was
processed with the CIS strategy. For a more detailed description of the study the reader is
referred to (Krenmayr et al., 2011).

Results and discussion

A summary of the results is illustrated in Fig. 9. For each one of the four reference frequencies,
the frequency difference between CSSS and CIS required for identical pitch is plotted.
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Fig. 9. Pitch differences between CSSS and CIS, expressed in semitones, as a function of FO0.
Dotted lines represent the individual data, the solid black line indicates the group mean. The
pitch difference is most pronounced at low frequencies and vanishes towards higher
frequencies, where the stimulation patterns of CSSS and CIS become more and more alike.
(From Krenmayr et al., 2011. Used with permission of Maney Publishing.)
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The results indicate that the pitch of a given harmonic tone complex decreases when
presenting it with CSSS compared to when presenting it with CIS. On average, this pitch
shift was 5 semitones or one perfect fourth at the lowest tested FO (161 Hz). As expected,
this pitch shift decreased at higher FOs. At 287 Hz it was 4 semitones or one major third,
while at 455 Hz it was already reduced to 2 semitones or one major second. At the “blank
trial” frequency of 811 Hz, the group mean was 0.5 semitones. Since these data were
collected with one strategy as reference stimulus only, they can still contain possible
subjective response bias. However, this response bias is expected to average out when
calculating the group mean. Therefore the blank trial gives an estimate for the accuracy of
the method.

The study quantitatively shows that explicitly stimulating the fine structure component of
the lowest partials decreases the pitch of harmonic tone complexes with fundamental
frequencies below 811 Hz. Since the pitches produced by both coding strategies converge at
811 Hz, it can be concluded that fine structure stimulation expands the range of perceivable
pitches as compared to CIS.

As the present results are only based on a small number of subjects, further studies are
needed to support the findings. However, the robustness of FO representation with CSSS has
also been demonstrated in another, more recent study (Bader et al., 2011). There, two pulse
trains of equal rates have been applied in two neighbouring apical electrodes. In a ranking
experiment, pitch percepts have been compared for dual-electrode pulse trains which were
almost in phase (they were not completely in phase because of sequential stimulation) and
dual-electrode pulse trains which were out of phase (phase shift m). Remarkably, the pitch
percept in the latter case did not correspond to that of a stimulus with twice the rate of the
individual pulse trains as could be expected in the case of spatial channel interaction, but
just shifted slightly towards higher frequencies. Interestingly, Macherey and Carlyon found
similar results of very low temporal channel interaction at low rates for phase-shifted pulse
trains on electrode pairs which are not positioned in the apical, but the middle range of the
cochlea (Macherey & Carlyon, 2010).

5. Conclusion

The introduction of the CIS strategy certainly represented a breakthrough in the field of
cochlear implants. In its standard version, CIS provides an optimized level of speech
perception for Western languages. CIS is first of all based on the tonotopic principle of
hearing. The temporal information is limited to envelope signals.

Fine structure stimulation aims at representing temporal cues beyond envelopes and thus is
based on the periodicity principle of hearing. Experiences with early cochlear implants (i.e.,
with single channel devices) and also more recent studies show that such temporal cues
indeed can be used in a frequency range up to about 1 kHz. This essentially covers the
ranges of the fundamental frequency FO and the first formant frequency F1.

The need for a precise representation of both envelope and fine structure information lead to
the development of two supporting concepts, i.e., simultaneous stimulation based on CIC
and SG. Both concepts have been evaluated with envelope-based stimulation strategies
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without temporal fine structure. Among CIC settings, configurations with neighbouring
simultaneous channels resulted in speech test performance on a par with CIS. So far, only
two and three neighbouring channels have been investigated, and studies with even more
simultaneous channels are currently conducted. SG settings yielded no statistically
significant difference to CIS for group sizes of two and three. However, also for these group
sizes, a tendency to a reduction of speech perception scores was observed.

Implant subjects with unilateral deafness and contralateral normal hearing provide the
possibility to directly compare electrical and acoustic hearing. An important finding from
pitch matching studies in unilaterally deaf subjects was that the perception of low
frequencies in the FO range requires electrode insertion depths greater than 360 degrees, in
combination with adequate low-frequency temporal cues. Thus, a sufficient insertion depth
of the electrodes represents a necessary condition. If electrodes are not inserted deeply
enough, low rate temporal cues alone do not produce low pitch percepts.

A strategy based on CSSS combines fine structure and envelope information. High-rate
pulse packages are triggered at every other zero crossing of the band pass output signals,
and the weights of the sequences are derived from the band pass envelopes. Practical
configurations are mixtures of CSSS channels in the low frequency region (e.g., 100-800
Hz covering the FO and F1 regions) and CIS channels for the higher frequencies (e.g.,
800-8500 Hz). When being switched from a CIS to a CSSS stimulation setting, most
patients perceive an immediate downward pitch shift. This effect has been quantified. On
average, pitch shifts of five semitones at the low frequency end were measured. This is a
clear indication that the additional temporal information represented in the low frequency
CSSS channels can indeed be perceived despite the presence of spatial channel interaction.
Besides, many patients are reporting an improvement in sound quality with fine structure
stimulation. Typically, they report the sound being fuller and more natural as compared
to their CIS settings. In acute tests, speech perception with CSSS is often on a par with
CIS. However, there is increasing evidence that with fine structure stimulation,
speech performance does improve over time, even in CI users with long-term implant
experience.
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1. Introduction

Cochlear implant is an instrument which can be implanted in the inner ear and can restore
partial hearing to profoundly deaf people (Loizou, 1999a) (see Fig. 1). Acoustic simulations
of cochlear implants are widely used in cochlear implant research. Basically, they are acoustic
signals which simulate what the profoundly deaf people could hear when they wear cochlear
implants. Useful conclusions can be deduced from the results of experiments performed
with acoustic simulations of cochlear implants. There are two typical applications in cochlear
implant research which use acoustic simulations of cochlear implants. In the first one, acoustic
simulations of cochlear implants are used to define how many independent channels are
needed in order to achieve high levels of speech understanding (Loizou et al., 1999). The
second application of acoustic simulations in cochlear implants research is for determining
the effect of electrode insertion depth on speech understanding (Baskent & Shannon, 2003;
Dorman et al., 1997b). In this chapter, we review briefly these conventional applications
of acoustic simulations in cochlear implants research and, on the other hand, introduce
novel applications of acoustic simulations of cochlear implants, both in cochlear implants
research and in other domains, such as automatic speech recognition (ASR) research. To
this end, we present quantitative analyses on the fundamental frequency (F0) of the cochlear
implant-like spectrally reduced speech (SRS) which are, essentially, acoustic simulations
of cochlear implants (Loizou, 1999a). These analyses support the report of (Zeng et al,,
2005), which was based on subjective tests, about the difficulty of cochlear implant users in
identifying speakers. Following the results of our analyses, the FO distortion in state-of-the-art
cochlear implants is large when the SRS, which is acoustic simulation of cochlear implant,
is synthesized only from subband temporal envelopes (Do, Pastor & Goalic, 2010a). The
analyses revealed also a significant reduction of FO distortion when the frequency modulation
is integrated in cochlear implant, as proposed by (Nie et al., 2005). Consequently, the results
of such quantitative analyses, performed on relevant acoustic traits, could be exploited to
conduct subjective studies in cochlear implant research. On the other hand, we investigate the
automatic recognition of the cochlear implant-like SRS. Actually, state-of-the-art ASR systems
rely on relevant spectral information, extracted from original speech signals, to recognize
input speech in a statistical pattern recognition framework. We show that from certain SRS
spectral resolution, it is possible to achieve (automatic) recognition performance as good as
that attained with the original clean speech even though the cochlear implant-like SRS is
synthesized only from subband temporal envelopes of the original clean speech (Do, Pastor
& Goalic, 2010b; Do, Pastor, Le Lan & Goalic, 2010). Basing on this result, a novel framework
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for noise robust ASR, using cochlear implant-like SRS, has been proposed in (Do et al.,
2012). In this novel framework, cochlear implant-like SRS is used in both the training and
testing conditions. Experiments show that the (automatic) recognition results are significantly
improved, compared to the baseline system which does not employ the SRS (Do et al., 2012).
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Fig. 1. Cochlear implant is an instrument which can be implanted in the inner ear and can
restore partial hearing to profoundly deaf people (Loizou, 1999a) (image source: NIH
Medical Arts, USA).

2. Conventional applications of acoustic simulations of cochlear implants

2.1 Researching the number of independent channels needed to achieve high levels of
speech understanding

It has been known that the speech understanding does not require highly detailed spectral
information of speech signal since much of the information in the speech spectrum is
redundant (Dudley, 1939). On the other hand, the fine spectral cues, presented in naturally
produced utterances, are not required for speech recognition (Zeng et al., 2005). In general,
the signal processing in cochlear implant divides the speech spectrum into several spectral
subbands, from 4 to 12 depending on the device, and then transmits the energy in all the
subbands. However, knowing how many independent channels are needed in order to
achieve high levels of speech understanding is an important issue. In fact, it is difficult to
answer this question basing on the results of subjective tests performed by cochlear implant
users, since their performance might be affected by many cofounding factors (e.g. number
of surviving ganglion cells). For example, if a cochlear implant user obtains poor auditory
performance using 4 channels of stimulation, the rationale might be that 4 stimulating
channels are not enough but it could probably be blamed for the lack of surviving ganglion
cells near the stimulating electrodes (Loizou et al., 1999). Using acoustic simulations can help
in separating the rationale coming from the lack of surviving ganglion cells.

In (Shannon et al., 1995), the authors showed that high levels of speech understanding (e.g.
90% correct for sentences) could be achieved using a few as four spectral subbands. The
subband temporal envelopes of speech signal were extracted from a small number (1-4) of
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frequency subbands, and used to modulate noise of the same bandwidth. In their signal
processing strategy, the temporal cues within each subband are preserved but the fine spectral
cues within each subband are eliminated. In another study, (Dorman et al., 1997a) used
subband temporal envelopes to modulate sine waves rather than noise bands, and then,
summed these subband modulated signals. As in (Shannon et al., 1995), sentence recognition
using four channels was found to be 90% correct.

Typically, in the subjective tests for determining the necessary number of frequency subbands
needed for understanding speech, normal hearing listeners listened to stimulus consisting
of consonants, vowels, and simple sentences in each of the signal conditions (Faulkner
et al., 1997; Loizou et al., 1999; Shannon et al., 2004; 1995). In these tests, consonants and
vowels were presented in a random order to each listener. The listeners were instructed to
identify the presented stimulus by selecting it from the complete set of vowels or consonants
(Shannon et al., 1995). In the sentence recognition tests, sentences were presented once and
the listeners were asked to repeat as many words in the sentence as they could. Training
(i.e. practice) is a factor that needs to be taken into account when interpreting the speech
recognition results mentioned previously, since the normal hearing listeners cannot recognize
immediately the speech signals with spectro-temporal distortion. For example, in (Shannon
et al., 1995), the listeners were trained on sample conditions to familiarize them with the
testing environment; after about two or three sessions, for a total of 8 to 10 hours, when the
listeners” performance stabilized, the training can be stopped. No feedback was provided in
any of the test conditions.

On the other hand, (Zeng et al., 2005) showed that although subband temporal envelopes (or
amplitude modulations - AMs) from a limited number of spectral subbands may be sufficient
for speech recognition in quiet, frequency modulations (FMs) significantly enhances speech
recognition in noise, as well as speaker and tone recognition. The result of (Zeng et al., 2005)
suggested that FM components provide complementary information which supports robust
speech recognition under realistic listening situations. A novel signal processing strategy,
named FAME (frequency amplitude modulation encoding), was proposed which integrates
not only AMs but also FMs into the cochlear implants (Nie et al., 2005; Zeng et al., 2005). More
details about the FAME strategy will be presented in section 3.1.

2.2 Simulating the effect of electrodes insertion depth on speech identification accuracy

The second application of acoustic simulations in cochlear implants research is for
determining the effect of electrode insertion depth on speech understanding. In cochlear
implantation, electrode arrays are inserted only partially to the cochlea, typically 22-30 mm,
depending on the state of the cochlea. Acoustic simulations of cochlear implants could
be used to simulate the effect of depth of electrode insertion on identification accuracy.
In this respect, normal hearing listeners performed identification tasks with an acoustic
simulation of cochlear implant whose electrodes are separated by 4 mm (Dorman et al,,
1997b). Insertion depth was simulated by outputting sine waves from each channel of
the processor at a frequency determined by the cochlear place of electrode inserted 22-25
mm into the cochlea, through the Greenwood’s frequency-to-place equation (Greenwood,
1990). The results indicated that simulated insertion depth had a significant effect on speech
identification performance (Dorman et al., 1997b).

The mapping of acoustic frequency information onto the appropriate cochlear place is a
natural biological function in normal acoustic hearing. However, in cochlear implant, this
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mapping is controlled by the speech processor. Indeed, the length and insertion depth of the
electrode arrays are important factors which determine the cochlear tonotopic range (Baskent
& Shannon, 2003). A 25 mm insertion depth of the electrode arrays is usually used in the
design of conventional cochlear implant. This design would place the electrodes in a cochlear
region corresponding to an acoustic frequency range of 500-6000 Hz. While this mapping
preserves the entire range of acoustic frequency information, it also results in a compression
of the tonotopic pattern of speech information delivered to the brain. The effects of such a
compression of frequency-to-place mapping on speech recognition are studied in (Baskent &
Shannon, 2003) using acoustic simulations of cochlear implants.

compression: acoustic analysis bands
| ] )
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matching:
A A 4 v h 4 A
9mm noise carrier bands 25mm
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A
amm noise carrier bands 25mm
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Fig. 2. Frequency-place mapping conditions for 4-channel processor at the simulated 25-mm
electrode insertion depth (Baskent & Shannon, 2003). In this condition, the noise carrier
bands are fixed (9-25 mm: 510-5800 Hz). The speech envelope was extracted from the
analysis subbands and used to modulate the noise carrier subbands. The three panels, in
top-down order, show the three mapping conditions, compression, matched and expansion,
respectively. In the top panel where there is a compression of +5 mm, the analysis subbands
are mapped onto narrower carrier subbands. The middle panel shows the 0 mm condition, in
which the analysis and carrier bands are matched. The lower panel shows the -5 mm
expansion condition, in which analysis subbands are mapped onto wider carrier subbands.

In (Baskent & Shannon, 2003), speech recognition was measured as a function of linear
frequency-place compression and expansion using phoneme and sentence stimulus. Cochlear
implant with different number of electrode channels and different electrode insertion depths
were simulated by noise-subband acoustic simulations and presented to normal hearing
listeners. Indeed, it was found that in the matched condition where a considerable amount
of acoustic information was eliminated, speech recognition was generally better than any
condition of frequency-place expansion and compression. This result demonstrates the
dependency of speech recognition on the mapping of acoustic frequency information onto
the appropriate cochlear place (Baskent & Shannon, 2003).
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3. Novel applications of acoustic simulations of cochlear implants

In this section, we introduce novel applications of acoustic simulations of cochlear implants,
henceforth abbreviated cochlear implant-like spectrally reduced speech (or simply SRS), both
in cochlear implant research and other domains, such as automatic speech recognition (ASR).
In this respect, section 3.1 presents our SRS synthesis algorithm, based on the frequency
amplitude modulation encoding (FAME) algorithm (Nie et al., 2005), that is use through
out the rest of this chapter. Section 3.2 introduces an analysis of the speech fundamental
frequency (F0) in the SRS and its application in cochlear implant research. In addition, another
application of the acoustic simulations of cochlear implants, in ASR, is introduced in section
3.3. Finally, section 4 concludes the chapter.

3.1 Cochlear implant-like SRS synthesis algorithm

A speech signal, s(t), is first decomposed into N subband signals s;(t),i = 1,..., N, by using
an analysis filterbank consisting of N bandpass filters with N taking values in {4, 8, 16, 24, 32}.
The analysis filterbank is aimed at simulating the motion of the basilar membrane (Kubin &
Kleijn, 1999). In this respect, the filterbank consists of nonuniform bandwidth bandpass filters
that are linearly spaced on the Bark scale. In the literature, gammatone filters (Patterson et al.,
1992) or elliptic filters (Nie et al., 2005; Shannon et al., 1995) have been used to design such
a filterbank. In this chapter, each bandpass filter in the filterbank is a second-order elliptic
bandpass filter having a minimum stop-band attenuation of 50-dB and a 2-dB peak-to-peak
ripple in the pass-band. The lower, upper and central frequencies of the bandpass filters are
calculated as in (Gunawan & Ambikairajah, 2004). An example of the analysis filterbank is
given in Fig. 3.
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Fig. 3. Frequency response of an analysis filterbank consisting of 16 second-order elliptic
bandpass filters used for speech signal decomposition. The speech signal is sampled at 8
kHz.

The subband signals, s;(t),i = 1,..., N, are supposed to follow a model that contains both
amplitude and frequency modulations

s;(t) = m;(t)cos (27'[fa-t +27 /Ot gi(t)dt + 61-) 1)

where m;(t) and g;(t) are the amplitude and frequency modulation components of the
i-th subband whereas f.; and 6; are the i-th subband central frequency and initial phase,
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Fig. 4. The SRS synthesis algorithm derived from the Frequency Amplitude Modulation
Encoding (FAME) strategy proposed in (Nie et al., 2005). The speech signal is decomposed
by a filterbank consisting of N bandpass filters. AM and FM components are extracted from
each subband signal. The AM components are used to modulate a fixed sinusoid, or a carrier
with or without rapidly varying FM components, then summed up to synthesize the
AM-only SRS, the FR AM+EM SRS, or the SV AM+FM SRS, respectively. The f.q, fo2, ..., foN
are the central frequencies of the bandpass filters in the analysis filterbank. The FR AM+FM
SRS synthesis is our proposition.

respectively. Each AM component m; of the subband signal s; is extracted by full-wave
rectification and subsequently, lowpass filtering of the subband signal s; with a 50- or 500-Hz
cutoff frequency. In the other way, the subband FM components, g;, is extracted by first
removing the central frequency, f., from the subband signal s;, thanks to a quadrature
oscillator consisting of a pair of orthogonal sinusoidal signals whose frequencies equal the
central frequency of the i-th subband (Nie et al., 2005). At the outputs of the quadrature
oscillator, two lowpass filters are subsequently used to limit the frequency modulation range.
The cutoff frequencies of these two lowpass filters equal 500 Hz or the bandwidth of the
bandpass filter used in the analysis stage, whenever the latter is less than 500 Hz. The full
rate (FR) FM signal, g;, is then band-limited and filtered by using a 400-Hz cutoff frequency
lowpass filter to derive the slowly varying (SV) band-limited FM signal, g;, as in (Nie et al.,
2005). In the synthesis stage, the subband AM signal, m;, is used to modulate a carrier
containing the subband FR FM signal, g;, or the subband SV FM signal, g;, to obtain the
subband modulated signals, 5;, or 5j, respectively. The sum of the subband modulated signals,
5;,i = 1,...,N, gives the SRS with FR FM components, called FR AM+FM SRS. Similarly,
SV AM+EM SRS is the SRS achieved when summing the subband modulated signals, 5;,i =
1,...,N, which are obtained by modulating the subband SV FMs with the subband AMs.
All the lowpass filters used in the AM and FM extractions are fourth-order elliptic lowpass
filters having a minimum stop-band attenuation of 50-dB and a 2-dB peak-to-peak ripple in
the pass-band.

In the synthesis of the AM-based SRS, the subband modulated signal, 5;, is obtained by
using the subband AM signal, m;, to modulate a sinusoid whose frequency equals the central
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frequency, f.;, of the corresponding analysis bandpass filter of the i-th subband. The subband
modulated signal, 5;, is then spectrally limited by the same bandpass filter used for the original
analysis subband to derive the spectrally limited subband modulated signal, 5; (Shannon
et al., 1995). The AM-based SRS is the sum of all the spectrally limited subband modulated
signals, $;,i = 1,..., N. This type of SRS is called the AM-only SRS to indicate that the SRS is
synthesized by using only AM cues. This description is summarized by the schema of Fig. 4.

3.2 Normalized mean squared error (NMSE) analysis of FO in the acoustic simulations of
cochlear implants

3.2.1 Motivation for the analysis

It is known that cochlear implant listeners do not have sufficient information about the voice
fundamental frequency (F0) for their speech recognition task. Meanwhile, FO information is
useful for speaker discrimination and provides critical cues for the processing of prosodic
information. Most present-day cochlear implants extract the speech temporal envelope and
are not designed to specifically deliver speech FO information to the listener. Cochlear
implant listeners have therefore difficulties to perform the tasks needing FO information, such
as speaker recognition, gender recognition, tone recognition, or intonation recognition, etc
(Chatterjee & Peng, 2008; Nie et al., 2005).

The modulation in speech, especially the frequency modulation, is expected to carry
speaker-specific information. In (Nie et al., 2005), the authors proposed a speech processing
strategy, FAME (for Frequency Amplitude Modulation Encoding), which encodes the speech
temporal fine structure by extracting slowly varying band-limited frequency modulations
(FMs) and incorporates these components in the cochlear implant. The acoustic simulations of
cochlear implant, called spectrally reduced speech (SRS), can be synthesized either by using
the FAME strategy or by using conventional AM-based SRS synthesis algorithm (Nie et al.,
2005). In (Zeng et al., 2005), the authors performed speaker recognition tests by using these
types of SRS. Experimentally, normal hearing listeners achieved significant better speaker
recognition scores when listening to the FAME-based SRS, compared to when listening to
the SRS synthesized from only AM components. Meanwhile, cochlear implant users could
only achieve an average recognition score of 23% when they performed the same speaker
recognition tests but listening to the original clean speech (Zeng et al., 2005). These results
showed that current cochlear implant users have difficulties in identifying speakers (Zeng
et al., 2005).

We thus want to quantitatively clarify the report of (Zeng et al.,, 2005) on the speaker
recognition tasks of cochlear implant users, by performing a comparative study on the
speech F0, extracted from the AM-based and FAME-based SRSs. The AM-based and the
FAME-based SRSs were synthesized from a set of original clean speech utterances selected
from the TI-digits, which is a multi-speaker speech database (Leonard, 1984). The selected
speech utterances contain a large number of speakers to take into account the intra-speaker FO
variation. Next, the Normalized Mean Square Errors (NMSEs) between the FO extracted from
the original clean speech and from the SRS were calculated and analyzed.

3.2.2 Data for analysis

A set of 250 utterances was selected from the TI-digits clean speech database. TI-digits is
a large speech database of more than 25 thousand connected digits sequences, spoken by
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over 300 men, women, and children (Leonard, 1984). The data were collected in a quiet
environment and digitized at 20 kHz. In this study, the data are downsampled to 8 kHz.
These 250 utterances were selected so that they had been spoken by both adults (men, women)
and children (boy, girls) speakers. The lengths of the utterances in the set vary from the
minimum length (isolated digit sequence) to the maximum length (seven-digit sequence) of
the sequences in the TI-digits. The AM-only SRS, the FR AM+FM SRS, and the SV AM+FM
SRS were synthesized from these 250 utterances by using the algorithm described in section
3.1. We thus have 250 AM-only SRS, 250 FR AM+FM SRS, and 250 SV AM+FM SRS utterances.

3.2.3 FO NMSE analysis

The FO values are extracted from the voiced speech frames of the original clean speech and
the SRS utterances by using the Praat software. Praat is a computer program to analyse,
manipulate speech signal and compute acoustic features, developed by Boersma and Weenink
(Boersma & Weenink, 2009). The Praat FO extraction algorithm, based on the autocorrelation
method, is standard and accurate. A detailed description of the Praat FO extraction algorithm
can be found in (Boersma, 2004). Let X = [tx fx] and Y = [ty fy] be the vectors extracted from
the voiced speech frames (of length 10 ms) of a clean speech utterance and the corresponding
SRS utterance, respectively. The vectors ty = [tx(1),...,tx(L)]" and fx = [fx(1),..., fx(L)]"
contain the time instants and the extracted FO values, respectively, of the voiced speech
frames in the original clean speech utterance. Similarly, ty = [fy(1),..., ty(M)]" and fy =
[fy(1),..., fy(M)]" contain the time instants and the extracted FO values, respectively, of the
voiced speech frames in the corresponding SRS utterance. The Praat script for extracting the
vectors X and Y can be found at http://www.icp.inpg.fr/~loeven/ScriptsPraat.
html. The superscript T denotes the transpose whereas L and M are the lengths of the vectors
X and Y, respectively. In general, X and Y do not have the same lengths (L # M) even though
the SRS utterance is synthesized from the same original clean speech utterance. The time
instant values in tx and ty are not identical, either. Without losing the generality, we suppose
that L < M. In order to correctly calculate the NMSE between the FO vectors of an original

clean speech and a SRS utterance, we calculate the vector Y= Fy /f\y} as follows

Algorithm 1 Calculating Y= [Ty fy] from ty,ty and fy

FORi=1— L

1: j = argmin [ty () — tx ()|
G=1.M

2ty (i) =ty (5)

3. fr(i) = i ()

END

~ ~ ~ - - - T
where ty = [ty(1),...,ty(L)] Tand fy = fy(1),...,fy(L)| are the new time instants and
FO values vectors of the SRS utterance. The purpose of algorithm 1 is to calculate Y = Fy /f\y]

from ty, ty and fy so that the temporal lags between the identical index elements of ty and ty

are minimal. The NMSE is then calculated between the two vectors of FO values, fx and /f\y,
now having the same length L.
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NMSE = 20log, (i é W

2
) 2

The temporal lag minimization performed by algorithm 1 makes it possible to achieve an
accurate NMSE calculation, following formula (2). The averages of the NMSEs on the selected
250 utterances were calculated and represented as a function of the SRS number of frequency
subbands in Fig. 5 and Fig. 6.
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Fig. 5. Averages of the NMSEs (A-NMSEs) between the FO vectors, extracted from the clean
speech utterances and those extracted from the AM-only SRS (A-NMSEsn-onty SRS), SV
AM+FM SRS (A-NMSEgy am+rm srs), and FR AM+FM SRS (A-NMSEgR AM+EM SRS),
calculated on 250 utterances (section IIL.A). The AM used for the SRS synthesis were
extracted by using a 50-Hz cutoff frequency lowpass filter. Error bars indicate 95% of the
confidence interval (Cumming et al., 2007) around each A-NMSE.

The curves in Fig. 5 represent the averages of the NMSEs (A-NMSEs) calculated between
the original clean speech F0O vectors and those of the synthesized SRSs, which used 50-Hz
cutoff frequency for the AM extraction lowpass filter (foam = 50 Hz). Similarly, the
A-NMSEs calculated between the synthesized SRS, having f.,;am = 500 Hz, and the original
clean speech, are represented by the curves in Fig. 6. Henceforth, we use the terms
A-NMSE ppm-onty SRS, A-NMSEgy anv+rMm srs, and A-NMSEgr am+rMm srs to designate the
A-NMSEs calculated between the FO vectors of the original clean speech and those of the
AM-only SRS, SV AM+FM SRS, and FR AM+FM SRS, respectively. An one-way ANOVA
reveals that the overall difference between the A-NMSEs is significant [F(2,12) = 14.5,p <
0.001] for fouam = 50 Hz. Similarly, when foam = 500 Hz, the A-NMSEs overall
difference is also significant [F(2,12) = 9.8,p < 0.005]. Further, the A-NMSEan_onLy SRS
is significantly greater than the A-NMSEgy amsrmsrs [F(1,8) = 12.1,p < 0.01], and the
A-NMSEFR AM+FM SRS [F(l, 8) = 43.9,P < 0.0005], for fcutAM =50 Hz. For fcutAM =500
Hz, the same conclusion can be reported: the A-NMSE snoniy SRS 1S significantly greater
than the A-NMSEgy aAM+FM SRS [F(1,8) =176,p < 0.005], and the A-NMSEgR AM+FM SRS
[F(1,8) = 17.9,p < 0.005]. However, no significant difference is revealed between the
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Fig. 6. The A'NMSEAM-ONLY SRS (solid—line + circle), A-NMSESV AM+FM SRS (dashed-line +
triangular), and A-NMSEpRr aM+FM srs (solid-line + square), calculated on 250 utterances

(section IIL.A). The AM extraction lowpass filter cutoff frequency, f.,;am, equals 500 Hz. As
in Fig. 5, the error bars indicate 95% of the confidence interval around each A-NMSE.

AM-only SRS

FR AM+FM SRS

A-NMSEsy am+rM srs and the A-NMSEgR anm+rMm srs, both with foan =50 Hz [F(1,8) =
1.8,p > 0.2], and fuuan = 500 Hz [F(1,8) = 0.8, p > 0.35].

In addition, for every number of SRS frequency subbands, we can remark that
A-NMSE ppm-onty sSRs IS always the greatest amongst the three A-NMSEs. This gap
reflects that the distortion of FO information in the state-of-the-art cochlear implant acoustic
simulation (AM-only SRS), is greater than the FAME-based SRS (SV AM+FM SRS and FR
AM+EM SRS). This is a quantitative evidence which supports the report of (Zeng et al., 2005),
about the low speaker recognition score (23%) of the cochlear implant users. This evidence
supports also the fact that the normal hearing listeners, listening to the FAME-based SV
AM+EM SRS, achieved significant better recognition scores, compared to when listening to the
AM-only SRS, in the same speaker recognition task (Zeng et al., 2005). Further, we can remark
that at low spectral resolution (4 and 8 subbands), the A-NMSEgy anm+rMm srs (dashed-line +
triangular) is significantly greater than the A-NMSEgr am+rM srs (solid line + square), both
for foam =50 Hz [F(1,2) = 15.2,p = 0.06] and for f,;am = 500 Hz [F(1,2) = 10.01,p =
0.087]. Even though the p-values in these two cases are slightly greater than 0.05, we can still
state the latter conclusion since the error bars, which indicate 95% of the confidence interval
around each A-NMSE, do not overlap (Cumming et al., 2007). This phenomenon suggests that
the presence of rapidly varying FM components (above 400 Hz) in the FR AM+FM SRS, help
in reducing the speech F0 distortion at low spectral resolution. However, at high SRS spectral
resolution (16 subbands and above), the difference between the A-NMSEgy an+pm srs and
the A-NMSEgR aM+EM SRS s not significant ([F(1,4) = 0.08,p > 0.75], feuram = 50 Hz, and
[F(1,4) = 0.37,p > 0.55], foytam = 500 Hz). The presence of rapidly varying FM components
in the SRS is therefore not significant to reduce the FO distortion.

3.2.4 Examples

Fig. 7 and Fig. 8 show the spectrograms of a continuous speech utterance, original
clean speech and the corresponding SRSs (f.,;;am = 50 Hz), spoken by a female speaker,
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selected from the set of 250 utterances as mentioned in section III.A. The blue curves in the
spectrograms, estimated by using the Praat software (Boersma & Weenink, 2009), represent
the speech F0 vectors, fx, fy, extracted from the original clean speech and the synthesized
SRS utterances. The range of the FO is labeled on the right-hand side vertical axis of each
spectrogram. Using the extracted FO curve of the original clean speech as the reference, we
can qualitatively remark that the FO values are not correctly estimated from the AM-only SRS,
whether we use 4 subbands [NMSE = -17.4 dB] or 16 subbands [NMSE = -13.1 dB]. Another
concern is related to the extracted FO values in the AM+FM SRS. The FO information is less well
estimated in the 4-subband SV AM+FM SRS (5(c)) [NMSE = -20 dB] than in the 4-subband FR
AM+FM SRS (5(d)) [NMSE = -35.3 dB]. This remark is consistent with the fact that the rapidly
varying FM components help in reducing the FO distortion at low spectral resolution, as
mentioned previously. This phenomenon does not happen with the 16-subband SV AM+FM
SRS (6(c)) [NMSE = -72.6 dB] and the 16-subband FR AM+FM SRS (6(d)) [NMSE = -73.2
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Fig. 7. Spectrograms of the original clean speech and the SRSs of the speech utterance “one
oh four six”, selected from the set of 250 utterances mentioned in section III.A, spoken by a
female speaker; (a) original clean speech, (b) 4-subband AM-only SRS, (c) 4-subband SV
AM+EM SRS, (d) 4-subband FR AM+FM SRS. The blue curves, estimated by Praat (Boersma
& Weenink, 2009), represent the speech F0 vectors. The f.,;;am = 50 Hz and the FO frequency
range is [75 Hz - 500 Hz] (see the right-hand side vertical axis).

dB] where the FO estimation is sufficiently good. Again, the fact that the rapidly varying FM
components are not significant for reducing the F0 distortion at high SRS spectral resolution,
compared to the slowly varying FM components, is typically verified in this example.

3.2.5 Concluding remarks

We have quantitatively analyzed the speech fundamental frequency, FO, in the cochlear
implant-like spectrally reduced speech. The NMSE is calculated between the FO values
extracted from the original clean speech and those of the SRSs using algorithm 1, proposed
in section III.B. NMSE analysis showed that amongst the three types of SRS studied in this
chapter, the AM-only SRS is the SRS in which the speech F0 distortion is the greatest. The
great distortion of FO information in the state-of-the-art cochlear implant-like SRS, supports
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Fig. 8. Spectrograms of the original clean speech and the SRSs of the same utterance as in
Fig. 8; (a) original clean speech, (b) 16-subband AM-only SRS, (c) 16-subband SV AM+FM
SRS, (d) 16-subband FR AM+FM SRS. The f.,;am = 50 Hz and the FO frequency range is [75
Hz - 500 Hz].

the report of (Zeng et al., 2005): “ [...] current cochlear implant users can largely recognize
what is said, but they cannot identify who say it.” The FAME strategy (Nie et al., 2005),
which proposes to extract the slowly varying FM components and integrates them in the
cochlear implant, help in reducing the F0 distortion in the SV AM+FM SRS, compared to the
AM-only SRS. However, at low spectral resolution (4 and 8 subbands), the rapidly varying
FM components are beneficial to reduce the FO distortion in the FR AM+FM SRS. At high SRS
spectral resolution (16 subbands and above), there is no significant difference between the
SV AM+EM SRS and the FR AM+FM SRS in terms of FO distortion. The results obtained in
this chapter might help improve the FAME strategy (Nie et al., 2005) for better performance
in a speaker recognition task, by keeping the rapidly varying FM components when the SRS
spectral resolution is low. Even though rapidly varying FM components cannot be perceived
by cochlear implant listeners, their presence could improve speaker recognition performance
of cochlear implant listeners. Obviously, further subjective studies are needed to confirm this
suggestion. A similar remark can be found in a study of Chang, Bai and Zeng in which the
authors, by a subjective study, have shown that the low-frequency sound component below
300 Hz, “although unintelligible when presented alone, could improve the functional signal-to-noise
ratio by 10-15 dB for speech recognition in noise when presented in combination with a cochlear implant
simulation” (Chang et al., 2006).

The speech FO NMSE analysis performed on the cochlear implant-like SRS is a quantitative
evidence supporting the speaker recognition subjective tests, performed in (Zeng et al,,
2005). On the other hand, quantitative studies on other speech acoustic features could also
be performed, in advance, on the acoustic simulation of cochlear implant (SRS) to orient
subjective tests. The results of such quantitative analysis could be exploited to conduct
subjective studies in cochlear implant research.
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3.3 Automatic recognition of acoustic simulations of cochlear implants
3.3.1 Relevant speech spectral information for ASR

It is important to reduce speech signal variability, due to speech production (accent and
dialect, speaking style, etc.) or environment (additive noise, microphone frequency response,
etc.), in order to guarantee stable ASR performance. Therefore, in an ASR system, the speech
analysis module is aimed at reducing the speech signal variability and extracting the ASR
relevant spectral information into speech acoustic features. However, despite the speech
variability reduction achieved by such standard speech signal analyses, ASR performance
is still adversely affected by noise and other sources of acoustic variability (Raj & Stern, 2005).
Since most standard speech processing analyses for ASR are performed in the spectral domain,
it is natural to seek the relevant spectral information that is sufficient for ASR, in the speech
signal.

In ASR based on Hidden Markov Models (HMMs) (Rabiner, 1989), one way to estimate the
ASR relevant speech spectral information is to evaluate the ASR performance on spectrally
reduced speech (SRS) signals when the acoustic models (the HMMs) are trained on a clean
speech (full spectrum) database. As usual, the tested signals must not belong to the training
database. Such an approach was first investigated by Barker and Cooke in (Barker & Cooke,
1997) where the authors “consider how acoustic models trained on original clean speech can be
adapted to cope with a particular form of spectral distortion, namely reduction of clean speech to
sin-wave replicas”. The ASR results were, however, not satisfactory in train-test unmatched
conditions. The cepstral coding techniques are, following the authors, “inappropriate for dealing
with drastic alterations to the shape of the spectral profile caused by spectral reduction” (Barker &
Cooke, 1997).

The acoustic simulation of cochlear implant is a spectrally reduced transform of original
speech (Shannon et al., 1995). This type of SRS should be appropriate to evaluate the relevant
spectral information needed by an HMM-based ASR whose acoustic models are trained
on a given clean speech database and which uses the Mel frequency cepstral coefficients
(MFCCs) (Davis & Mermelstein, 1980) or the perceptual linear prediction (PLP) coefficients
(Hermansky, 1990) as acoustic features. The rationale is twofold. On the one hand, cochlear
implant-like SRS can be recognized by normal hearing listeners. The recognition scores
then depend on the spectral resolution (or the number of frequency subbands) of the SRS
(Shannon et al., 1995). Furthermore, human cochlear implant listeners relying on primarily
temporal cues can achieve a high level of speech recognition in quiet environment (Zeng et al.,
2005). The foregoing facts suggest that the cochlear implant-like SRS could contain sufficient
information for human speech recognition, even though such an SRS is synthesized from the
speech temporal envelopes only. On the other hand, in ASR, certain speech analyses, such as
the Bark or Mel-scale warping of the frequency axis or the spectral amplitude compression,
performed on the conventional speech acoustic features (MFCCs or PLP coefficients), derive
from the model of the human auditory system. Such auditory-like analyses, which mimic the
speech processing performed by the human auditory system, are basically aimed at reducing
speech signal variability and emphasizing the most relevant spectral information for ASR
(Morgan et al., 2004). As a result, the cochlear implant-like SRS should contain sufficient
spectral information for ASR based on conventional acoustic features, such as the MFCCs or
the PLP coefficients.



130 Cochlear Implant Research Updates

3.3.2 Experimental data

In this section, the SRSs are synthesized from 250 original utterances (see 3.2.2) by using the
AM-only SRS synthesis algorithm described in section 3.1. With 5 values (4, 8, 16, 24 and 32)
of the number of frequency subbands and 4 values (16, 50, 160 and 500 Hz) for the bandwidth
of the subband temporal envelope (AM), we have thus 20 sets of synthesized AM-only SRS
signals, each set contains 250 utterances. These sets will be used for the spectral distortion
analyses and the ASR tests in the next sections.

3.3.3 Spectral distortion analysis

Given an original clean speech utterance x; and the corresponding SRS utterance ¥; which
is synthesized from x;, assume that f; and j?] are the spectra of two speech frames of x; and
x;, respectively. The spectral distortion between these two speech frames can be measured
on their spectra d, z ( f],f]) A good spectral distortion measure should have the following
properties (Nocerino et al., 1985):

1. dy &, (f],f]) > 0, with equality when f; = f]-;
2. dy 5 ( f],f]) should have a reasonable perceptual interpretation;

3. dy, 5 ( f],f]) should be numerically tractable and easy to compute.

Amongst the available spectral distortion measures (Nocerino et al., 1985), the weighted
slope metric (WSM) distortion measure (Klatt, 1982), which is a perceptually based distortion
measure, satisfies well these three properties. This spectral distortion measure reflects
the spectral slope difference near spectral peaks in a critical-band spectral representation
(Nocerino et al., 1985). It is also shown that the WSM distortion measure correlates well with
the perceptual data (Klatt, 1982). Further, the WSM distortion measure is one of the spectral
distortion measures that gave the highest recognition score with a standard dynamic time
warping (DTW) based, isolated word, speech recognizer (Nocerino et al., 1985). In this respect,
we use the WSM distortion measure to assess the spectral distortion between two speech
frames extracted from an original clean speech utterance and a synthesized SRS utterance,
respectively. The mathematical formula of the WSM distortion measure has the form (Klatt,
1982; Nocerino et al., 1985)

dxi,fi(ff’]?f) = ke ‘Ef/' B EJ?/‘

Q
# L k) (550 —550) ®)
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where Q is the number of frequency subbands, kr is a weighting coefficient on the absolute

energy difference, ‘E f—E ‘ between f; and j?j, ks(g) is a weighting coefficient for the

Al

difference, sy (q) — s 7 (q), between the two critical band spectral slopes of f; and f; (Nocerino
]

etal., 1985).

Henceforth, d,, z( f],j?]) designates the WSM distortion measure. The length of the speech
frames for the WSM distortion measure is 10 ms and the number of frequency subband Q =
24. The Matlab programs for calculating the WSM spectral distortion can be found at (Loizou,
1999b). The spectral distortion 7, 7, between two speech utterances x; and X; can be defined

as the mean of the WSM spectral distortion measures between the speech frames d,, f],]?])
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where M is the number of speech frames in the speech utterances x; and X;. We define the
overall spectral distortion 77 as the average of the 77, 7, calculated for all the N = 250 utterances
in each set of SRS signals:

N N M
1= ﬁ;ﬂx,fizﬁﬁzz xlxl(f]/f]) ®)

We then calculate the overall spectral distortion 77 for all 20 sets of SRS utterances (see section
3.3.2). The values of 77 are illustrated in Fig. 9. The error bars in Fig. 9 represent the standard
deviations of 77, z,. An ANOVA revealed no significant difference between the overall spectral
distortion 77 when the bandwidth of the subband temporal envelopes are changed from 16 Hz
to 500 Hz [F(3,16) = 0.64, p > 0.5]. Generally, the overall spectral distortion 77 decreases when
the number of frequency subbands of the SRS increases. Since the WSM distortion measure
is perceptually based and is correlated with the perceptual data (Klatt, 1982), we can deduce
that the value of 7 reflects more or less the level of perceptual distortion that the listeners have
to deal with when listening to the SRS signals. In addition, we can remark that 7, ¢ varies
intensively when the number of frequency subbands of the SRS is small (4- and 8-subband
SRS), since the standard deviations of 77, 7 are large at low spectral resolutions of the SRS (4
and 8 subbands).
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Fig. 9. Overall spectral distortion 7, which is defined as the average of the spectral distortion
11y, %, are calculated on all the 250 utterances of each set of SRS signals. There would be no
overall spectral distortion if 77 = 0. Error bars indicate standard deviations.

3.3.4 Automatic speech recognition results

We used the HTK speech recognition toolkit (Young et al., 2006) to train a speaker-independent
HMM-based ASR system on the TI-digits speech database (Leonard, 1984). TI-digits is a large
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speech database of more than 25 thousand connected digits sequences spoken by over 300
men, women, and children. This speech database is widely used in the literature to assess ASR
algorithms on small-vocabulary tasks (Barker et al., 2005; Cooke et al., 2001; Smit & Barnard,
2009). The data were collected in a quiet environment and digitized at 20 kHz. In this study,
the data were downsampled to 8 kHz. The ASR system used a bigram language model and the
acoustic models were the context-dependent three-state left-to-right triphone HMMs. These
models were trained by using both MFCCs and PLP coefficients. The output observation
distributions were modelled by Gaussian mixture models (GMMs) (Rabiner, 1989). In each
state, the number of mixture components was 16. The feature vectors consist of 13 MFCCs
or 13 PLP coefficients. For the MFCCs and the PLP coefficients calculation, the standard
filterbank consisting of 26 filters was used (Young et al., 2006). The MFCCs and the PLPs
coefficients were calculated from every Hamming windowed speech frame of 25 ms length
and with an overlap of 15 ms between two adjacent frames. The first (delta) and second
(acceleration) difference coefficients were appended to the static MFCCs and PLP coefficients
to provide 39-dimensional feature vectors. This configuration for the feature vectors was used
in both training and testing conditions. Next, the ASR tests were taken on the 20 sets of
synthesized SRS signals. The recognition results with the MFCCs and PLP coefficients are
shown in Table 1 and Table 2, respectively.

Number of frequency subbands

AMbandwidth|[ 4 [ 8 [[16 [ 24 | 32
16 Hz 35.44|68.33|(96.22(96.22| 96.29
50 Hz 35.57(84.23|199.82|199.70| 99.57
160 Hz 37.76/95.86|(99.63(99.70| 99.63
500 Hz 39.34|97.56|(99.57(99.70| 99.63

Table 1. ASR word accuracies (in %) computed on the 250 SRSs synthesized from 5 values
for the number of frequency subbands and 4 values for the bandwidth of the subband
temporal envelopes (AM). The ASR system was trained on the TI-digits clean speech training
database. The speech feature vectors were MFCC-based. The ASR word accuracy computed
on the 250 original clean speech utterances is 99.76%.

Number of frequency subbands
AMbandwidth|| 4 | 8 [[ 16 [ 24 | 32

16 Hz 35.32(87.27|(97.99|98.66| 98.48
50 Hz 35.57(98.36|(99.57|99.57| 99.57
160 Hz 35.69|98.96(|99.57|99.63| 99.70
500 Hz 41.17(99.15(|99.57|99.63| 99.57

Table 2. ASR word accuracies (in %) computed on the 250 SRSs synthesized from 5 values
for the number of frequency subbands and 4 values for the bandwidth of the subband
temporal envelopes (AM). The ASR system was trained on the TI-digits clean speech training
database. The speech feature vectors were PLP-based. The ASR word accuracy computed on
the 250 original clean speech utterances is 99.70%.

For the ASR results with MFCC-based speech feature vectors, an ANOVA performed on the
lines of Table I revealed that changing the bandwidth of the subband temporal envelopes
had no significant effect in terms of ASR word accuracy [F(3,16) = 0.11, p > 0.95]. However,
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another ANOVA performed on the columns of Table I indicated that changing the number of
frequency subbands had a significant effect across all tests [F(4,15) = 73.9, p < 0.001]. Protected
t-tests (or Least Significant Difference (LSD) tests) (Keren & Lewis, 1993) were thus performed
and showed that the 8-subband SRS yielded significant better ASR word accuracies compared
to the 4-subband SRS [f,s(48) = 11.23 > t4(15) = 4.07,& = 0.001], where f,,54g) is the
protected t-test value calculated between the 4-subband SRS and the 8-subband SRS word
accuracies, f(15) is the critical value at the desired « level for 15 degrees of freedom. In
contrast, no significant difference was revealed amongst the 16, 24, and 32-subband SRSs in
terms of ASR word accuracy [f,ps(1624) = fops(2432) = tops(1632) ~ 0 < ferig1s) = 2.13,a =
0.05]. The ASR word accuracies of each SRS in this group are significant better than those of
the 8-subband SRS [tobs(8,16) = 2.79, t0b5(8,24) = 2.80, tobs(8,32) = 2.78, tcrit(lS) = 2.13,06 = 005]

For the ASR results with PLP-based speech feature vectors, the same statistical analyses had
been performed on the ASR word accuracies in Table 2 and the same conclusions would be
revealed. In summary, increasing the number of the SRS frequency subbands from 4 to 16
made significant improvement in terms of ASR word accuracy. Interestingly, the 16, 24, and
32-subband SRSs could achieve an ASR word accuracy comparable to that attained with the
original clean speech signals (the ASR word accuracies computed on the 250 original clean
speech utterances with MFCC-based and PLP-based speech feature vectors were 99.76% and
99.70%, respectively).

3.3.5 Conclusions and perspectives

We have investigated the automatic recognition of cochlear implant-like SRS, which is
synthesized from subband temporal envelopes of the original clean speech. The MFCCs
and the PLP coefficients were used as speech features and the ASR system, which is
speaker-independent and HMM-based, was trained on the original clean speech training
database of TI-digits. It was shown that changing the bandwidth of the subband temporal
envelopes had no significant effect on the ASR system word accuracy. In addition, increasing
the number of frequency subbands of the SRS from 4 to 16 improved significantly the
performance of the ASR system. However, there was no significant difference amongst the
16, 24, and 32-subband SRS in terms of ASR word accuracy. It was possible to achieve an ASR
word accuracy as good as that attained with the original clean speech by using SRS with 16,
24, or 32 frequency subbands and by using both MFCC-based and PLP-based speech features.

The MFCCs or the PLP coefficients, along with the delta and acceleration coefficients, were
concatenated together in the acoustic feature vector and were used in both the training and
the testing conditions. The results presented in this chapter suggest that SRS with 16, 24, and
32 subbands contain sufficient spectral information for speech recognition with HMM-based
ASR system using the MFCCs or the PLP coefficients along with the delta and acceleration
coefficients. The SRS and original clean speech are quite different in the signal domain since
the SRS is synthesized from original clean speech temporal envelopes, only. The spectral
distortion analysis, based on the WSM distortion measure, showed that there are significant
spectral distortions in the synthesized SRS compared to the original clean speech signal.
Despite of these spectral distortions which are induced by the SRS synthesis, and although
the ASR acoustic models are trained on the clean speech training database (TI-digits), the ASR
word accuracy, computed on original clean speech signals of a testing set of TI-digits, is still
maintained with the synthesized SRS of 16, 24, and 32 subbands.
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Therefore, the 16-, 24-, and 32-subband SRS models might lead to the design of new acoustic
features and suggest new speech models, for ASR, that could be robust to noise and other
sources of acoustic variability. In this respect, performing ASR with HMMs trained on SRS
could assess the relevance of SRS as a model for speech recognition. In addition, the fact that
cochlear implant-like SRS is synthesized from speech temporal envelopes, only, might help
in reducing ASR irrelevant spectral information due to environment. In (Do et al., 2012), we
perform the ASR experiments with the noise contaminated speech signal. The SRS are used in
both training and testing conditions. That is, the ASR system is trained on the SRS which was
synthesized from the training original clean speech. This system is be used to recognize the
SRS which is synthesized from noisy contaminated speech signals. Experimental results show
that the use of SRS helps in improving significantly the ASR performance in the recognition
of noisy speech (Do et al., 2012).

4. General conclusions and discussions

In this chapter, we have introduced the applications of acoustic simulations of cochlear
implants in human and machine hearing research. We have reviewed the conventional
applications of the acoustic simulations of cochlear implants in (1) determining the number
of independent channels needed to achieve high levels of speech understanding, and in
(2) simulating the effect of electrodes insertion depth on speech identification accuracy.
In addition, we have introduced novel applications of acoustic simulations of cochlear
implants, abbreviated as SRS, both in cochlear implant research and machine hearing research
(or automatic speech recognition). Conventional as well as recently proposed synthesis
algorithms have been used to synthesize the SRS signals (Nie et al., 2005; Shannon et al., 1995).
These novel applications show that the acoustic simulation of cochlear implant is an important
tool, not only for cochlear implant research but also for other hearing-related applications,
namely noise robust ASR (Do et al., 2012).

However, for any studies performed on acoustic simulations of cochlear implants, the results
should be interpreted with cautions when applied on human subjects who are cochlear
implant users. In fact, the results could be slightly different due to the changes that occur
in their auditory system following the severe and profound deafness. In this respect, results
of the studies performed with acoustic simulations should be used as general indicators to
conduct useful subjective studies. Authentic conclusions could be afterward interpreted from
the results of studies performed on human subjects. On the other hand, in section 3.3, it was
shown that changing the bandwidth of the subband temporal envelopes has no significant
effect on the ASR word accuracies. In addition, changing the number of subband from 8 to 16
increases significantly the ASR word accuracies. Physically, these facts suggest that ASR word
accuracies are more affected by the change of spectral information distributing on the whole
spectral band rather than the change of local spectral information in each subband.
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1. Introduction
1.1 Hearing and learning

Learning is the essence of life. Throughout evolution, all species learn to adapt to a
particular environment. As a consequence, organs are formed and reformed, and cellular
function extends to respond to a broadening spectrum of types of energy and chemical
compounds and focuses on particular stimulus configurations to respond to them in ever
subtler ways. In ontogeny, chemical and spatial orientation is essential for the cells of an
embryo so that it can grow all parts at the right time and at the right location. Postnatally,
the radius from which an organism needs to learn expands from itself to the world
surrounding it. For mammals, there appear to be two distinctly different phases of learning
from the environment: early in life, or approximately before sexual maturity, and later in
life, or post puberty. It has been a remarkable neuroscientific discovery that the molecular
machinery employed by organism during their development is subtly but effectively
modified to provide neuroplasticity later in life.

We learn to hear in ontogeny beginning at prenatal times (Pefia et al., 2003), and patients
receiving a cochlear implant (CI) need to learn or to re-learn hearing, depending on whether
they never heard or they originally had a normal hearing experience. Both challenges
require specific forms of learning. Learning implies appropriate adjustments of nervous
networks to reflect differences and changes in patterns of sensory activity. Neuroscience
looks for molecular, structural, and functional consequences of learning in the nervous
system and refers to these changes as indicators of neuronal plasticity. To study sensory-
evoked learning and plasticity we need to look at the molecular profile and cellular dynamic
of neurons to identify its lasting traces in the brain.

One molecular marker associated to the initiation of sensory-evoked neuronal remodeling is
the early response gene product c-Fos. Among the markers reflecting a growth-response of
nerve cells and their synapses is the growth-associated protein GAP-43.
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1.2 Auditory brainstem plasticity

Although earlier reports already suggested the possibility of structural plasticity in the adult
mammalian brainstem (Wall & Egger, 1971; Pollin & Albe-Fessard, 1979), this mode of
learning remained largely unacceptable into the 1980s. However, evidence slowly began to
accumulate that structural plasticity is a general phenomenon of the adult mammalian brain,
including all ages and all levels of the cerebral hierarchy. Equally important was the discovery
that adult plasticity reuses many molecular mechanisms and regulatory circuits on which
embryogenesis relies. However, important differences exist between juvenile and adult brain
plasticity with respect to speed, breadth, and type of changes inducible by internal or external
stimuli (e.g. Harris et al., 2005; 2008). At all developmental stages, neuroplasticity has many
facets and includes the mutability on virtually all levels of neuronal organization, including
volume growth, modifications of topographical maps, axon rerouting, dendritic outgrowth or
retraction, cell death, mitosis, synaptogenesis, and molecular changes of various sorts. We
finally appreciate the brain as an instrument of change.

1.3 c-Fos
1.3.1 c-Fos and learning

Immediate early genes are essential actors mediating learning-associated cellular processes
and neuroplasticity. Although the immediate early gene product c-Fos has, together with
phosphorylated extracellular signal-related kinase (p-ERK), been used as a marker for
central sensitization, particularly in studies using nociception (Gao & Ji, 2009), its expression
signifies not just electrophysiological activity but also cellular activity on different levels.
Expression of c-Fos, like other early response genes, links fleeting changes of neuronal
activity to lasting modifications of structure and function in the mammalian nervous
system. Zuschratter et al. (1995) compared the spatial distribution of c-Fos immunoreactive
neurons with the density of 2-desoxy-D-glucose (2DG) autoradiography after 1h of acoustic
stimulation. While the pattern of the highest density of c-Fos labeled cells in the auditory
cortex matched the peak labeling of autoradiographs, a spreading of c-Fos expression in
neurons across the tonotopic maps was observed in primary auditory cortex and in the
rostral and caudal fields of the auditory cortex. Corresponding to its role beyond indicating
electrophysiological activity, c-Fos has been reported to be involved in the learning correlate
of long term potentiation (Racaniello et al., 2010). Watanabe et al. (1996) found that
homozygous mice carrying a null mutation of c-fos fail to show much of functional and
structural plasticity seen in normal mice.

Auditory cortical neurons were shown to turn c-Fos positive following behaviorally
significant sounds (Fichtel & Ehret, 1999; Wan et al., 2001; Geissler & Ehret, 2004). Sound
recognition was compared with perception of exactly the same sound in mice. They showed
that sound recognition, relying on memory, entails less but well focused Fos-positive cells in
a primary auditory cortical field and significantly more labeling in higher order fields.

1.3.2 Regulation of c-Fos

The immediate early gene c-fos has, as part of its promoter, a transcription factor binding site
called the cAMP response element (CRE; Ginty et al., 1994; Gispen et al., 1991). Thus,
glutamate binding on NMDA receptors may activate the c-fos gene in neurons through the
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calcium-dependent phosphorylation of the CRE binding protein CREB by ERK and/or
CaMKIV kinase pathways. CREB phosphorylation is modulated in cochlear nucleus and
superior olivary complex as a consequence of electrical stimulation in the cochlea (Illing &
Michler, 2001). Apart from CRE, the c-fos promoter contains a sis inducible element (SIE), a
serum response element (SRE), and an activator protein-1 (AP-1)-like sequence (FAP)
(Herdegen & Leah, 1998.). Besides its acting on the c-fos promoter, p-CREB may also affect
expression of other genes containing a CRE site. Among them are the genes coding for the
brain derived neurotrophic factor BDNF (Tao et al.,, 1998; Xu et al., 2000) and the early
growth response protein-1 (Egr-1) (Sakamoto et al., 1991; Schwachtgen et al., 2000), another
immediate-early gene product which is also known as Krox-24, Zif268, Zenk, NGFI-A, and
Tis8. Apart from its CRE site, the promoter of the Egr-1 gene contains a SRE site and an AP-
1 site (Schwachtgen et al., 2000; Weber & Skene, 1998). Competing with the activating
transcription factor-2 (ATF-2; van Dam & Castellazzi, 2001), the protein c-Fos may dimerize
with still another immediate-early gene product, c-Jun, to constitute a powerful
transcription factor complex, called AP-1. The AP-1 factor, in turn, differentially triggers the
expression of a large number of genes in a variety of functional aspects (Wisdom, 1999),
with ATF-2:Jun and Fos:Jun complexes having differential binding preferences for
heptameric or octameric AP-1 binding sites (van Dam and Castellazzi, 2001). Among the
genes controlled by AP-1 are genes coding for the basic fibroblast growth factor bFGF
(Shibata et al., 1991) and the growth and plasticity associated protein GAP-43 (Nedivi et al.,
1992; Weber & Skene, 1998). Deficiency in ATF-2, in turn, leads to neurodegeneration of
subsets of somatic and visceral motorneurons of the brainstem (Ackermann et al., 2011).
There are conditions under which c-Fos may appear in glial cells (Edling et al., 2007).

Looking further upstream of c-Fos expression, cellular growth factors come into focus
(Sharpe et al., 1993; Ginty et al., 1994). Interestingly, p-CREB is involved in regulating BDNF
transcription (Tao et al., 1998), which in turn binds to TrkB receptors, modulating synaptic
long-term potentiation (Xu et al., 2000) and driving the expression of c-Fos and other early
response genes.

[lustrating the richness of molecular changes due to manipulating sensory input, the
expression of immediate early genes, among them egr-1 and c-fos, and neuronal plasticity-
related genes such as those encoding for Arc, Syngr-1, and BDNF, was decreased by 2 weeks
but increased again by 4 weeks in rat auditory cortex following bilateral cochlear ablation
(Oh et al., 2007). ATE-2 is involved in the molecular underpinning of neuronal stability, cell
death, and cellular growth (Yuan et al., 2009). Its expression goes down in retinal ganglion
cells after their axotomy. Those cells capable of regrowing their axon show a return to high
ATF-2 expression, indicating their return to normal conditions (Robinson GA, 1996).
Members of the family of mitogen-activated protein kinases (MAPK) are ERK and p38
MAPK. ERK expression and phosphorylation reflects cellular changes associated to learning
in an fear conditioning paradigm (Ota et al., 2010) and is co-regulated with c-Fos in several
systems (Yang et al., 2008; Brami-Cherrier et al., 2009). Signals induced as a consequence of
unilateral cochlear ablation are transduced mainly through the neuronal ERK pathway
(Suneja & Potashner, 2003).

According to data available in the literature, the half- life of c-fos mRNA is 10-15 min (Miiller
et al., 1984; Sheng and Greenberg, 1990), whereas the c-Fos protein has a half-life of around
2 h (Curran et al., 1984; Miiller et al., 1984).
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1.3.3 Sensory stimulation of the auditory pathway

Sound-induced c-Fos expression has been employed to investigate the functional anatomy
of the central auditory system of the mammalian brain. Expression of c-Fos has been seen in
central auditory neurons after acoustical or electrical stimulation of the ear. Using pure-tone
stimulation of mice or rats, the locations of neurons that turn positive for c-Fos or its mRNA
were found to match the electrophysiologically established tonotopic maps in the ventral
and dorsal cochlear nucleus (Rouiller et al., 1992; Brown & Liu, 1995; Miko et al., 2007), the
superior olive (Adams, 1995), the dorsal nucleus of the lateral lemniscus (Saint Marie et al.,
1999A), the inferior colliculus (Ehret & Fischer, 1991; Friauf, 1995; Pierson & Snyder-Keller,
1994; Saint Marie et al., 1999B), and the auditory cortex (Zuschratter et al., 1995). It was also
induced in the vestibular nuclei (Sato et al., 1993). On exposing rats to specific behavioral
tasks dependent on auditory stimuli, expression of c-Fos was also found in auditory centers
of the diencephalon and telencephalon (Campeau & Watson, 1997; Carretta et al., 1999;
Scheich & Zuschratter, 1995).

The amount of c-Fos mRNA also reflects habituation following stressful auditory stimulation
(Campeau et al., 2002). Expression of c-Fos has also been used to estimate the driving force of
axonal projections inside the central auditory system (Sun et al., 2009; Clarkson et al., 2010)
and to localize the target site of audiogenic seizure (Kai & Niki, 2002) or the origin of tinnitus-
related over-activity (Wu et al., 2003). The neuronal response reflected by c-Fos expression is
related to the selective response of different subpopulations of neurons to sounds of time-
varying properties (Lu et al, 2009) and may be induced by disinhibition following nerve
lesions (Luo et al., 1999). The precision of a tonotopic c-Fos response to pure tone stimulation
appears to be under the control of EphA4 and ephrin-B2 (Miko et al., 2007).

1.3.4 Electrical stimulation of the auditory pathway

Electrical intracochlear stimulation (EIS) as done with CIs in humans was shown to be
similarly effective as acoustical stimulation in driving cells to express c-Fos (Roullier et al.,
1992; Illing & Michler, 2001; Nakamura et al., 2003). Subsequent studies showed a marked
variability in the pattern of stimulation-dependent c-Fos expression in the auditory brainstem.
Some studies reported massive induction of c-Fos in dorsal cochlear nucleus (DCN), with little
expression in ventral cochlear nucleus (VCN), and a substantial increase of c-Fos
immunoreactivity in the external nuclei of the inferior colliculus (IC), with little staining in its
central nucleus CIC (Vischer et al., 1994; 1995; Zhang et al., 1996). Others reported distinctly
different patterns of c-Fos expression upon EIS (llling & Michler, 2001; Saint Marie et al.,
1999A, 1999B; Saito et al., 1999; Zhang et al., 1998). In several studies involving electrical
stimulation, tonotopic patterns of c-Fos expression were found (Saito et al., 1999; Nagase et al.,
2000; Saito et al., 2000; Illing & Michler, 2001), but others did not report it (Nakamura et al.,
2005). c-Fos has also been induced after neonatal auditory deprivation (Keilmann & Herdegen,
1995; 1997) and in kanamycin-deafened rats (Fujii et al., 1997; Nagase et al., 2003). Like EIS,
directly stimulating the dorsal cochlear nucleus is effective in driving tonotopic c-Fos
expression (Takagi et al., 2004) and produces hearing in rats (Zhang & Zhang, 2010).

1.4 GAP-43

In pre- and early postnatal development of the mammalian brain, expression of the
membrane phosphoprotein GAP-43, also known as B-50, F1, pp46, P-57, or neuromodulin, is
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high in neuronal somata, axons, and growth cones (Gispen et al., 1991; Kinney et al., 1993).
Brain areas known for their adult potential for plasticity are characterized by high levels of
GAP-43 (Benowitz et al., 1988; Benowitz and Routtenberg, 1997). This protein is a neuron-
specific calmodulin-binding phosphoprotein and substrate for protein kinase C (Gispen et
al., 1991; Schaechter & Benowitz, 1993). There are several lines of evidence relating this
protein to axonal growth as well as to plasticity. It is produced at high levels in every nerve
cell during neurite outgrowth and early stages of synaptogenesis (Skene and Willard, 1981;
Mahalik et al., 1992) and represents a major constituent of the isolated growth cone (De
Graan et al., 1985; Meiri et al., 1998). With maturation, its expression is down-regulated by
most neurons (Skene, 1989; Benowitz & Perrone-Bizzozero, 1991). When a sense construct of
GAP-43 mRNA was transiently expressed in non-neuronal cultured cells, these cells grow
filopodial-like processes (Yankner et al., 1990; Verhaagen et al., 1994). If cells were
transfected with a mutated construct of GAP-43 which prevented attachment of GAP-43
into the cell membrane, GAP-43 did not accumulate in pseudopods and no changes in cell
morphology were induced (Widmer & Caroni, 1993). The attenuation of endogenous
GAP-43 by an antibody that was raised against this protein and injected intracellularly
has been found to reduce the degree of neurite outgrowth in a dose-dependent manner
(Shea et al., 1992). The over-expression of GAP-43 in transgenic mice results in the
formation of additional and aberrant neuronal connections (Aigner et al.,, 1995).
Conversely, a knock out of the GAP-43 gene is survived by only 5-10% beyond weaning
(Strittmatter et al., 1995). Whereas GAP-43 (-/-) mice show significant impairments in
muscle strength, limb coordination and balance, and exhibit hyperactivity and reduced
anxiety, GAP-43 (+/-) mice are only moderately impaired as compared with wild-type
animals (Metz & Schwab, 2004). However, significant memory deficits were reported of
heterozygous GAP-43 knockout mice with GAP-43 levels reduced by one-half, providing
further evidence that GAP-43 exerts a crucial role in the bidirectional regulation of
mnemonic processing (Rekart et al., 2005).

Expression of GAP-43 runs, at least partially, over activation of an AP-1 binding site. This
identifies GAP-43 as a potential gene influenced by c-Fos. Further upstream, cooperation
between p75(NTR) and TrkA results in an increased NGF-mediated TrkA
autophosphorylation (Diolaiti et al., 2007). This cooperation also leads to a sustained
activation of ERK-1/2 by phosphorylation and accelerates neurite outgrowth concomitant
with a selective enhancement of the AP-1 activity and the transcriptional activation of genes
such as GAP-43.

We discovered that unilateral deafness inflicted by a total sensory deafferentation of the
cochlear nucleus in the mature rat invokes expression of GAP-43 (llling & Horvath, 1995; Illing
et al,, 1997; see also Gil-Loyzaga et al., 2010). Since then, we found that this GAP-43 resides in
presynaptic endings (Hildebrandt et al., 2011), is expressed by cholinergic neurons (Meidinger
et al., 2006) residing in the ventral nucleus of the trapezoid body (Kraus & Illing, 2004), and
innervate only specific subtypes of neurons in the cochlear nucleus (Illing et al., 2005).
Altogether, these results clearly indicate that sensory deafferentation is followed by a specific
reorganization of the neuronal network in the cochlear nucleus. Realizing that there is an
impressive potential of neuroplasticity in the adult mammalian brainstem we wondered if
other modifications of the pattern of sensory-evoked neuronal activity might be answered by a
comparable response of the auditory brainstem in terms of synaptic reorganization and, as a
consequence, signal representation and analysis. We therefore turned to EIS.
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1.5 Linking c-Fos with GAP-43

Much is known about molecular networks regulating cellular growth and differentiation
processes in general, but we still know little about the organization of the switch stands of
activity-dependent molecular regulation in vivo. Regulatory molecules preceding c-Fos
expression include p-CREB, p-ERK-1/2, p38 MAPK, and p-ATF-2. Molecules whose
expression may be influenced by c-Fos include GAP-43, neuroskeletal elements, and cell
adhesion molecules (Illing, 2001).

Williams et al. (1991) already suggested that an early response to sciatic nerve injury
consisting of c-Fos expression in the spinal cord is transformed into a GAP-43 response
emerging in the same spinal region of Rexed's lamina II, if not the same cells. It remained
open if axonal sprouting mediated by GAP-43 is beneficial to the lesioned systems or
accounts for sensory disorders following nerve injury (Woolf et al., 1990).

Demonstrating a succession of c-Fos and GAP-43 in functional states of neurons related to
activity-dependent modifications of brain structure more directly, Kleim et al. (1996)
showed that the number of synapses per neuron and the percentage of Fos-positive cells
within motor cortex was elevated in rats raised in conditions requiring acrobatic motor
activity as compared to rats raised without such requirement. Their data suggest that Fos
may be involved in the biochemical processes underlying skill acquisition and that motor
learning, as opposed to motor activity, leads to increases in synapse number in the motor
cortex. Correspondingly, Black et al. (1990) see a relation between c-Fos expression and
synaptogenesis, and synaptogenesis, in turn, relies on the presence and action of GAP-43
(Benowitz & Routenberg, 1997). Diets improving spatial cognition of rats concomitantly
raise the number of c-Fos positive neurons in hippocampus, resulting in a statistically
significant negative correlation between the number of c-Fos positive neurons and the
frequency of reference memory errors (Tanabe et al., 2004).

Watanabe et al. (1996) used a kindling model of epilepsy in which changes of neuronal
activity in the form of brief focal seizures lead to lifelong structural and functional
reorganization of the mammalian brain (McNamara et al., 1993). Brains thus affected by
patterns of activity deviating from the normal develop axonal sprouting in hippocampal
granule cells. However, when c-Fos was made unavailable for these brains due to a null-
mutation, axonal sprouting is strongly reduced. Their data are consistent with the
hypothesis that the lack of c-Fos reduces functional plasticity as well as a structural
plasticity. This study again supports the hypothesis that the absence of c-Fos leads to a
substantial attenuation of axonal plasticity due to a failure to activate growth-related genes
such as GAP-43.

As a consequence of BDNF binding on the TrkB receptor, the expression of both c-Fos and
GAP-43 is modulated (Edsjo et al., 2001; Koponen et al., 2004). Another feature shared by c-
Fos mRNA and GAP-43 mRNA is to be stabilized by the same protein HuD (Chung et al.,
1996; Mobarak et al., 2000; Smith et al., 2004). Binding of HuD apparently leads to increased
levels of the respective protein under constant transcriptional conditions. This opens the
possibility that c-Fos and GAP-43 share part of the regulation controlling their presence and
availability, a feature that deserves attention in future research.
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2. Methods
2.1 Animals

The region of the brain in which we looked for stimulation-dependent changes on the
molecular and cellular level is the rat auditory brainstem. Wistar rats of either sex aged 6 to
12 weeks were used. Care and use of the animals as reported here were approved by the
appropriate agency (Regierungsprasidium Freiburg, permission number 37/9185.81/G-
10/83). Rats were anesthetized with a mixture of ketamin (i.p., 50 mg/kg body weight; Bela-
Pharm GmbH & Co. KG, Vechta, Germany) and xylazine (i.p., 5 mg/kg body weight;
Rompun, Bayer-Leverkusen, Germany) before auditory brainstem response (ABR)
measurements were done. For experiments involving acute EIS, anesthesia was induced by
urethane (i.p., 1.5 g/ kg body weight; Fluka AG, Buchs, Schwitzerland).

2.2 Deafness model

Between postnatal day (P) 10 and P20 (inclusive), neonatal Wistar rats received daily
injections of kanamycin (i.p., 400 mg/kg body weight; Sigma, Taufkirchen, Germany) (Fig.
1). Due to hair cell destruction caused by this antibiotic (Matsuda et al., 1999; Osaka et al.,
1979), a rise of hearing threshold was seen against normal hearing rats when rats have
grown to adulthood (Fig. 2 A, B).
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Fig. 1. Protocol to establish hearing and deaf experimental groups. Neonatal deafness was
induced by daily kanamycin treatment between postnatal days 10 to 20. Measurement of

acoustically or electrically evoked brainstem responses (ABR/EABR) were made around
P33 and P42, respectively.

2.3 Electrical Intracochlear Stimulation (EIS)

Brains of hearing-experienced and hearing-inexperienced rats were analyzed after EIS
lasting for different times, with stimulation durations spaced by the factor of 1.6: 45 min,
73min, 2h, 3:15h, and 5h (Fig. 2 C, D). The electrode used was a CI connected to a
communicator both kindly provided by Cochlear GmbH (Hannover, Germany). Bipolar
stimulation consisted of 50 Hz biphasic stimuli with a phase width of 50 ps. The electrically
evoked brainstem response (EABR) was recorded like the ABR (see below) to determine an
appropriate current level. The EABR was visualized using an averager (Multiliner E;
Evolution 1.70c), calculating mean amplitudes over 500 sweeps in a frequency band of 0.1 to
10 kHz. We aimed to obtain maximal EABR amplitudes of 10 pV £ 10% by adjusting the
current level of EIS to match acoustic stimuli of about 75 dB SPL. Chronic stimulation in the
awake rat was done with the same mode using the same electrodes, but implants were
connected to the stimulator by way of a swivel and a skull-based interface.
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2.4 Auditory and electrically evoked brainstem responses

ABRs and EABRs were measured for hearing-experienced and hearing inexperienced rats.
Hearing thresholds were tested acoustically (ABR) and electrically (EABR) by inducing
auditory brainstem responses (Fig. 2 A, B). For ABR recording, steel needle electrodes were
placed subcutaneously at vertex and mastoids and a 20 Hz train of click stimuli was
presented to one side through a brass pipe equipped with a conical plastic tip into the ear
canal, while sensations through the other ear were masked by supplying white noise at the
same sound pressure level. Sound pressure was stepwise increased, attempting to elicit an
ABR visualized by an averager (Multiliner E; Evolution 1.70c; Toennies, Germany). ABR
mean amplitudes were determined after 300 sweeps in a frequency band of 0.1 to 3 kHz. If a
kanamycin-treated rat showed an ABR at a sound pressure level smaller than 95 dB,
recordings were stopped to avoid inducing further sensory stimulation. Following
kanamycin treatment, we found ABR thresholds elevated by 75 dB to above 95 dB. These
rats consistently failed to show a motor response to a handclap (Preyer's reflex). The absence
of Preyer's reflex was taken by Jero et al. (2001) as indicating a rise of ABR threshold beyond
81 dB SPL. This result served as an additionally indication of deafness caused in the
kanamycin-treated group.
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Fig. 2. ABR and EABR in hearing and deaf rats. Representative acoustically (A, B) and
electrically (C, D) evoked auditory brainstem responses of hearing (A, C) and deaf (B, D)
mature rats. Typically, the ABR of a hearing rat showed six distinguishable peaks (I-VI) and
the EABR at least three peaks (II-1V). No ABR was detectable in kanamycin-treated rats up
to 95 dB SPL. X-axis: 1 ms per unit; Y-axis: 4 uV per unit; EP: evoked potential.

We localized c-Fos and GAP-43 by several variants of immunocytochemistry and in situ
hybridization. Other antigens (p-ATF-2, c-Jun p39, p38 MAPK) were detected by
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immunocytochemistry based on diaminobenzidine staining or immunfluorescence (cp.
Illing & Michler, 2001; Rosskothen et al., 2008; Rosskothen-Kuhl & Illing, 2010).

2.5 Inmunohistochemistry (IHC)

After completion of the postoperative survival time or different stimulation periods, animals
were killed by sodium-thiopental (i.p., 50 mg/ml per 200 g body weight of Trapanal 2.5 g,
Nycomed, Konstanz, Germany) and perfused transcardially with a fixative containing 4%
paraformaldehyd and 0% - 0.025% glutaraldehyde in 0.1 M phosphate buffer at pH 7.4.
After brains were removed from the skulls and soaked in 30% sucrose overnight, parts
containing anteroventral cochlear nucleus (AVCN), DCN, lateral superior olivary complex
(LSO), and CIC were cryo-cut into 30 pm thick frontal sections. Following incubation with
0.05% H20», 1% sodium-borohydride (only for c-Fos and p-ATEF-2) and 1% milk powder in
0.02 M phosphate buffer saline (PBS) at pH 7.4 for 30 min each, sections were exposed to a
primary antibody either raised in goat against c-Fos (SC-52-G, 1:2000, lot. no. A2810, Santa
Cruz Biotechnology Inc., Santa Cruz, USA), or raised in mouse against GAP-43 (MAB347,
1:5000, lot. no. LV1786431, Millipore, California, USA), or raised in rabbit against c-Jun p39
(SC-1694, 1:100-1:500; lot. no. L0606, Santa Cruz Biotechnology Inc.), p38 MAPK (45118,
1:2000, lot. no. 5, Cell Signaling Technology, Inc., Danvers, USA), p-ATF-2 (51125, 1:2000, lot.
no. 10, Cell Signaling Technology, Inc.) or p-ERK 1/2 (SC-16982, 1:1000, lot. no. K1910, Santa
Cruz Biotechnology Inc). After incubation for 48 h at 4° C, visualization of antibody-binding
sites was based on DAB staining using biotinylated anti-goat/-mouse/-rabbit (BA-
5000/BA2001/BA1000, 1:200, Vector Laboratories, Inc., Burlingame, USA) as secondary
antibody and avidin-biotin-technique (Vector Laboratories) for signal intensification.
Negative controls were run to verify specificity of the primary and secondary antibodies.
Nuclei of the parabrachial region stained for c-Fos immunoreactivity served as positive
controls (Illing et al., 2002).

2.6 In Situ Hybridization (ISH)

Thirty micrometer thick cryo-cut frontal brain sections were collected in 2x standard saline
citrate (SSC) buffer (Invitrogen, Life Technologies GmbH, Darmstadt, Germany). The
sections were washed in 2x SSC buffer for 15 min. Before pre-hybridization sections were
pretreated in a 1:1 dilution of 2x SSC and hybridization buffer (50% formamide, Carl Roth
GmbH, Karlsruhe, Germany), 4x SSC (Invitrogen), 10% dextransulfate (Sigma, Taufkirchen,
Germany), 1x Denhardt's solution (AMRESCO Inc., Ohio, USA), 250 png/ml heat-denatured
cod and herring sperm DNA (Roche Diagnostics GmbH, Mannheim, Germany), 625 pug/ml
tRNA from E. coli MRE 600 (Roche)) for 15 min. Pre-hybridization lasted in hybridization
buffer for 60 min at 55°C. Hybridization was performed overnight at 55°C in the same
solution with the addition of 100 ng/ml digoxigenin (DIG)-labeled c-Fos and 1000 ng/ml
DIG-labeled GAP-43 antisense or sense cRNA, respectively. DIG-labeled sense and antisense
cRNAs were synthesized by PCR amplification of brain tissue isolated c-Fos/GAP-43
mRNA. Primer design occurred by the use of the NCBI sequences NM_017195.3 (for GAP-
43) and NM_022197.2 (for c-Fos). After hybridization, the sections were washed in 2x SSC
for 2 x 15 minutes at room temperature, 2x SSC and 50% formamide (MERCK KGAA,
Darmstadt, Germany) for 15 min, 0.1x SSC and 50% formamide for 15 min, and 0.1x SSC for
2 x 15 minutes at 65°C each. For immunological detection of DIG-labeled hybrids, brain
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sections were treated in buffer 1 (100 mM Tris/HCI, pH 7.5) for 2 x 10 min each, blocked in
buffer 2 (1% blocking reagent (Roche) in buffer 1) for 60 min at room temperature, and
incubated overnight at 4°C with the anti-DIG Fab fragment from sheep tagged with alkaline
phosphatase (1:1500, Roche) in buffer 2. For the color reaction, brain sections were
equilibrated in buffer 1 for 2 x 10 min each and in buffer 3 (100 mM Tris/HCI, pH 9.5, 100
mM NaCl, 50 mM MgCly) for 10 min before the addition of nitroblue tetrazolium (0.34
mg/ml, Roche) and 5-bromo-4-chloro-3-indolyl-phosphate, 4-toluidine salt (0.17 mg/ml,
Roche) diluted in buffer 3. Development of the color reaction was performed for around 9
hours in the dark at room temperature and stopped by transfer into aqua when the desired
staining intensity was reached. Finally, sections were mounted on glass slides, dehydrated
in increasing grades of alcohol, cleared in xylene, and coverslipped with DPX (Sigma).

2.7 Electron microscopy

After perfusion as described above, brains were postfixed in the same fixative for 2 h and
stored overnight in PBS. Cutting was done on a microtome with vibrating blade (Leica VT
1000S, Bensheim, Germany) at 50 pm and collected in PBS containing 0.05 M glycine.
Sections were permeabilized by a treatment with 5% and 10% dimethyl sulphoxide (DMSO),
each for 10 min, and 20 min in 20% and 40% DMSQ, all in PBS. Following washing in PBS,
tissue was successively exposed to 0.05% H>O, 0.05% sodium-borohydride, and 5% normal
rabbit or goat serum in PBS each for 30 min, and incubated with antibodies raised against c-
Fos (1:2000), p-ATF-2 (1:2000), or p-ERK-1/2 (1:1000). After incubation for 24 h at 4° C,
visualization of antibody-binding sites occurred as described before for the IHC protocol
(see. 2.5). Afterward, brain sections were incubated with 0.1% osmium-tetroxide in 0.1 M
cacodylic acid buffer (pH 7.4), dehydrated in ethanol and embedded in EMbed-812 (Science
Services, Miinchen, Germany).

3. Results and discussion
3.1 Effectiveness of EIS to induce gene expression

EIS is an effective way to activate neuronal networks in the central auditory system,
including the induction of c-Fos expression throughout the brainstem of hearing-
experienced rats (Fig. 3).

We monitored c-Fos expression on the transcriptional level by detecting c-Fos mRNA as
well as on the translational level by c-Fos immunoreactivity (Illing et al., 1999). In both cases
we detected staining in neuronal nuclei that closely matched in space and time (Fig. 4).

Attempting to understand the laws according to which neurons express c-Fos as a
consequence of EIS we, first, identified the cell types in which c-Fos emerged. Following 2 h of
EIS we found that only distinct subpopulations of neurons in VCN, DCN, LSO, and CIC
express c-Fos (Reisch et al., 2007) (Fig.5). Whereas sub-populations of glutamatergic and
glycinergic cells responded in all four regions, GABAergic neurons failed to do so except in
marginal zones of AVCN and in DCN (but cp. Ishida et al, 2002). Combining
immunocytochemistry with axonal tracing, neurons participating in major ascending
pathways, commissural cells of VCN and certain types of neurons of the descending auditory
system were seen to respond to EIS with early response gene expression. By contrast, principal
LSO cells projecting to the contralateral CIC as well as collicular efferents of the DCN did not.
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Fig. 3. Effectiveness of EIS to induce c-Fos expression throughout the brainstem of hearing
rats. (A) Tonotopic c-Fos expression (black dots) in AVCNIi after 2 h of EIS. (B) Tonotopic
band (arrowheads) of c-Fos positive nuclei (black dots) in CICc after 3:15 h of EIS. (C)
Tonotopic c-Fos expression (black dots) in the deep layers of DCNi after 5 h of EIS. (D) c-Fos
expression (black dots) in LSOi following 5 h of sustained EIS. The dashed lines correspond
to the borders of the respective auditory regions. Scale bars: 0.2 mm. i: ipsilateral; c:
contralateral; CB: cerebellum; n7: facial nerve.
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Fig. 4. Comparison of c-Fos immunoreactivity (A, C) vs. c-Fos in situ hybridization (B, D) in
AVCNi of a hearing-experienced rat after 73 min EIS. (A, B) The pattern of c-Fos protein
(black dots) and c-Fos mRNA (blue dots) of 2 adjacent sections is nearly identical. Scale bar:
0.2 mm. (C, D) Higher magnification of c-Fos protein positive nuclei (C) and c-Fos mRNA
positive neurons (D) in AVCNI. Scale bars: 20 pm. i: ipsilateral; d: dorsal; I: lateral.
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Fig. 5. EIS-dependent c-Fos expression in neurons of the auditory brainstem of hearing-
experienced rats (Illing et al., 2010). (A) In VCN, half of the c-Fos positive nuclei were
localized in glycinergic cells (Gly, yellow, asterisk), the other half showed no double
labeling with glycine (arrow). (B) c-Fos in a large VCN commissural neuron after injection of
the tracer Fast Blue into VCNc. (C) c-Fos in a GABAergic neuron of DCN. (D) c-Fos positive
nuclei were never observed in neurons of DCN projecting to the contralateral CICc. (E)
Some (arrow) but not all (asterisk) lateral olivocochlear (LOC) neurons labeled from the
cochlea by axonal tracing showed co-localization with c-Fos. (F) c-Fos positive nuclei in
small glutamatergic cells of LSOi (Glu, arrow), large glutamatergic cells lacked c-Fos
immunoreactivity (asterisk). (G) CIC lacking c-Fos positive GABAergic cells. (H)
Immunoreactivity for Egr-1 coincided with c-Fos immunoreactivity. i: ipsilateral, c:
contralateral. Scale bars: 20 pm in D, 10 pm for all others.

Second, following continuous stimulation of hearing-experienced anesthetized rats for
various durations from 45 min to 5 hours, we observed a non-linear increase of the
population of c-Fos positive neurons, with a rise followed by a decline, followed by a second
rise of the number of stained cells in VCN (Rosskothen-Kuhl & Illing, 2010) (Fig. 6).

A Co B 45 min EIS C 73 min EIS D 2hES E 1S hES F S5hES

ce AVCH

Fig. 6. Pattern of c-Fos expression with increasing stimulation time in AVCNI of hearing-
experienced rats. (A) In control rats, AVCNIi is devoid of c-Fos staining. (B-D) Typically, the
number of c-Fos positive cells (black dots) increased from 45 min to 2 h in a region
tonotopically corresponding to the stimulation position. (E-F) By 3:15 h of unilateral EIS, the
c-Fos level transiently decreases before it rose again by 5 h (F). Scale bar: 0.2 mm. Co:
control; i: ipsilateral; CB: cerebellum; d: dorsal; I: lateral.



The Cochlear Implant in Action:
Molecular Changes Induced in the Rat Central Auditory System 149

Third, we used different temporal patters known to have major significance for central
auditory processing (Walton, 2010) for EIS at a constant duration of 2 h (Jakob & Illing,
2008). For each of the major auditory brainstem nuclei and some of their subregions we
found specific patterns of the immunoresponsive cell populations reflecting different
aspects of the stimulation site and stimulation parameters (Table 1).

lateralization intensity frequency duration
AVCNi + + 0 +
DCNi,upper layers + 0 + +
DCNI, deep layers + 0 + +
LSOi, medial + + 1] 1]
LSOQi, total + + 0 0
CICc, dorsolat. + + + +
CICc, ventromed. + + + 0
MGBc 0 + 0 0

Table 1. Expression pattern of c-Fos across the auditory brainstem depends on stimulation
parameters. Each of the major auditory brainstem regions, and some of their subregions,
showed a unique fingerprint of c-Fos expression (cp. rows) with respect to reflecting
laterality, intensity, frequency (Jakob & Illing, 2008), and duration of EIS. MGB: medial
geniculate nucleus, i: ipsilateral, c: contralateral.

3.2 Pharmacology

Apart from the duration of EIS and the particular stimulation parameters used, the
possibility exists that the consequences of activating the central auditory system may also be

>
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Fig. 7. Effect of Nimodipine on the pattern of c-Fos expression in the DCNi with different
stimulation parameters. (B-D, F-H) For both experimental groups a shift of c-Fos positive
nuclei (black dots) from the upper to the deep layers of DCN exist with increasing
stimulation frequency, after 2 h of EIS. However, the Nimodipine treatment (E-H) resulted
in a significant increase in number of c-Fos expressing neurons compared to non-treated
(A-D) rats. Scale bar: 0.2 mm. Co: control; i: ipsilateral; d: dorsal; 1: lateral.
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influenced by pharmacological manipulations. Here we illustrate one example, the impact of
Nimodipine systemically administered before EIS. In DCN, the pattern of neurons expressing
c-Fos is dramatically different depending on the presence or absence of Nimodipine (Fig. 7).

3.3 Molecules upstream of c-Fos expression

In order to understand the functional relevance of c-Fos expression under any particular
mode of stimulation, it is mandatory to co-localize it with other molecular actors of
neuroplastic change in space and time. Therefore, we studied the spatio-temporal
relationship of c-Fos expression with the expression pattern of molecules known to be
involved directly or indirectly in the regulation of c-Fos expression. Upstream of c-Fos
expression, p-CREB, ATF-2, p-ERK-1/2, and p38 MAPK unfold their activity. We discovered
that their expression is modulated either positively or negatively under EIS (Fig. 8).

‘2h EIS,"B & A 2nEs,

" hearing - hearing

- p-CREB _ v c-Fos

- 1
2hEIS, 2hEIS, Pl o
deaf D . deaf G = S

p-ATF-2 ERRT c-Fos | P38 MAPK B

Fig. 8. Modulation of regulatory molecules upstream of c-Fos expression. (A-B) 2 h after EIS
of hearing rats p-CREB positive neurons were rare in a middle band of AVCNi (A, arrow)
corresponding to the c-Fos positive area in the adjacent section (B, arrow). (C-D) A similar
pattern existed for p-ATF-2 (C, arrowheads) and c-Fos (D, arrowheads) positive nuclei in the
AVCNi of deaf rats after 2 h of EIS. (E-H) 2 h after EIS of deaf rats p-ERK-1/2
immunoreactivity was detected only in the LSO of the stimulated side (E, arrows)
corresponding to the c-Fos expression pattern (not shown). Like for p-ERK-1/2 the p38
MAPK immunoreactivity was increased in the medial LSOi (G, arrows) compared to the
contralateral side (H). c: contralateral; i: ipsilateral. Scale bar: 0.2 mm.

Next, we looked for the ultrastructural localizations of molecules involved in the
stimulation-dependent regulation of transcription factors (Fig. 9). Under EIS, c-Fos emerged
in nuclei and rough endoplasmic reticulum of VCN neurons. p-ATF-2 and p-ERK-1/2
showed specific regional and intracellular staining patterns of their own.

Directly interacting with c-Fos is c-Jun p39. We found that, similar to the immediate early gene
egr-1 (De et al., 2003) but unlike its stimulation-dependent expression in the inner ear (Ruan et
al., 2007), c-Jun is present in most of the auditory brainstem in normal brains without specific
stimulation (Fig. 10). Upon EIS and ensuing c-Fos expression, c-Fos and c-Jun may dimerize to
form AP-1 in a highly active variant (Rosskothen et al., 2008) (Fig. 10 B-D).
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Fig. 9. Modulation of transcription factor regulators by EIS. (A) Ultrastructural localization
of c-Fos immunoreactivity in nucleus (asterisk) and cytoplasm (arrows) of a neuron in
AVCN!i. (B) Contralaterally, no such staining was seen. (C) p-ATF-2 immunoreactivity in the
nucleus of an AVCNi neuron; upon EIS, this staining declines. (D) p-ERK-1/2 staining in
nucleus (asterisk) and cytoplasm (arrows) in a DCN neuron next to an unstained neuron
after EIS. Dashed lines indicate cell boundaries. c: contralateral; i: ipsilateral. Scale bar: 2 pm.

3.4 Molecules downstream of c-Fos expression

Downstream of c-Fos lie many genes regulated by an AP-1 binding site in their promoter,
among them the gene encoding GAP-43. We observed an emergence of GAP-43 in fibers and
boutons of VCN on the side of chronic EIS (Fig. 11). At the same time, GAP-43 mRNA is
strongly up-regulated in neurons of LSO (Fig. 11 C-F).

The LSO is known to be involved in relearning sound localization during unilateral
conductive hearing loss (Irving et al., 2011), suggesting that its neurons receive a growth
signal by unilateral EIS that, in turn, causes axonal sprouting in VCN on the stimulated side.
This scenario poses a remarkable contrast to GAP-43 expression in VCN one week after its
total sensory deafferentation by cochlear ablation (Illing et al, 1997). Under these
circumstances, GAP-43 in VCN is supplied by neurons of the ventral nucleus of the
trapezoid body (VNTB), source of the medial olivocochlear pathway, rather than of LSO,
source of the lateral olivocochlear pathway.
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. "
Fig. 10. The molecular environment of c-Fos expression includes the availability of c-Jun
P39. (A) Numerous c-Jun positive nuclei (black dots) in the entire AVCNi of an
unstimulated, hearing control rat. (B) c-Fos positive nuclei appear after EIS in a band
corresponding tonotopically to intracochlear stimulation site. Scale bar: 0.2 mm. (C, D)
Following EIS, c-Fos (green) and c-Jun (red) are co-expressed (yellow/orange, arrows) in
some but not all cells of AVCNi (C) and DCNi (D). i: ipsilateral; CB: cerebellum; d: dorsal; I:
lateral. Scale bars: 20 um.
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Fig. 11. Emergence of GAP-43 in the AVCNIi after chronic EIS for 7 days. (A) AVCNi of a
hearing control rat devoid of GAP-43 immunoreactivity. (B) GAP-43 immunoreactivity
appears in the entire AVCNi of a 7 days (7 d) chronically stimulated hearing rat. (C-D) GAP-
43 mRNA level in the LSOi of a hearing control rat (C) and a 7 days stimulated hearing rat (D).
Scale bars (A-D): 0.2 mm. (E-F) GAP-43 mRNA in neurons of the LSOi at higher magnification.
Scale bar: 50 pm. CB: cerebellum; Co: control; i: ipsilateral; d: dorsal; m: medial.

3.5 EIS induces c-Fos expression in deaf rats

The absence of hearing experience has far-reaching consequences for the interneuronal
communication within networks of the auditory brainstem. First, when hearing fails, EIS



The Cochlear Implant in Action:
Molecular Changes Induced in the Rat Central Auditory System 153

entails expression of c-Fos in populations of neurons that are much larger than normally,
essentially disregard tonotopic order, and lack much of spatio-temporal variations as seen in
hearing-experienced rats (Rosskothen-Kuhl & Illing, 2012) (Fig. 12).

Fig. 12. Differences of c-Fos expression pattern in hearing vs. deafened rats. (A) Tonotopic c-
Fos expression (black dots) in AVCNI of a hearing rat after 2 h of EIS. (B) Tonotopic band
(arrowheads) of c-Fos positive nuclei (black dots) in CICc of a hearing rat after 3:15 h of EIS.
(C) Non-tonotopic c-Fos expression (black dots) in AVCNi of a deaf rat after 2 h of EIS. (D)
Strong and extended c-Fos expression (black dots) in the dorsolateral part of the CICc of a
deaf rat after 3:15 h of EIS. i: ipsilateral; c: contralateral; CB: cerebellum; CX: Neocortex.
Scale bars: 0.2 mm.

Second, the composition of c-Fos expressing subpopulation changed with the preceding
hearing experience (Fig. 13).
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Fig. 13. Composition of c-Fos expressing subpopulations changed depending on preceding
hearing experience and stimulation time. (A) Co-localization (arrow) of c-Fos positive nuclei
(red, asterisk) and parvalbumin (PV)-positive neurons (green, arrowhead) in the AVCNi
after EIS. (B, C) Statistic evaluation of co-localization of c-Fos positive nuclei and PV-
positive neurons resulted only for hearing rats (B, p=0.018) but not for deaf rats (C) ina
significant increase of double-labeling from 2 to 5 h of stimulation. (D) Following EIS, c-Fos
expression (green, asterisk) was also co-localized (arrow) with GABAergic somata (red,
arrowhead) in marginal zones of AVCNI. Scale bar: 20 um. (E, F) The statistic evaluation of
co-localization of c-Fos positive nuclei and GABA-positive neurons resulted only for hearing
rats (E, p= 0.006) and not for deaf rats (F) in a significant increase of double-labeling from 2
to 5 h of EIS. i: ipsilateral; ns: non-significant.

4. Conclusions and outlook

The brain is responsive to changes of activity in sensory nerves by forming memory traces
on all its levels, from forebrain to hindbrain, and from molecules to neuronal networks. A
successful therapy for patients with dysfunctional ears requires a CI that plays patterns of
electrical activity corresponding to patterns of sound to the auditory nerve, and a
moldable brain responding to this pattern. This response must include the initiation of
molecular and synaptic reorganization to make optimal use of sensory-evoked activity,
specifically to identify and categorize temporal patterns in spoken language (Munro, 2008;
Anderson et al., 2010; Skoe & Kraus 2010). Obviously, then, it is fundamentally important
to run the Cl in a way that fully exploits the neuroplastic potential of the central auditory
system. It is therefore essential to detect short and long term molecular and cellular
changes in the central nervous system in response to EIS equivalent to CI stimulation to
understand which stimulation parameters are more important than others to elicit a full
and focused plasticity response.

As we showed, specific conditions of afferent activity prompt specific populations of
neurons in specific regions of the auditory brainstem to prepare for a molecular, structural,
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and functional remodeling within hours. Laterality, frequency, duration, and intensity of the
stimulus each affect different neuronal populations across different regions. Coding of
laterality takes place below the midbrain, but appears to be integrated in network activity
from the inferior colliculus upwards. Each major brainstem region involved in the analysis
of auditory stimuli respond to specific stimulation parameters by a unique dynamic pattern
of c-Fos expression. With our studies we have made a first and perhaps a second and third
step to understand central auditory plasticity, and there is reason to consider much of our
data obtained from a mammalian brain transferable to man. However, our studies are not
yet comprehensive in the sense that they already provide binding recommendations to CI
programmers or users. Instead, it provides data showing for the first time that the
parameters of running a CI bear a very real potential for neuroplastic remodeling of the
central auditory system, and that the brain is certain to show a wealth of molecular and
cellular responses to CI stimulation.

More stimulation parameters must be tested and more molecular markers monitored in
order to delineate robust relationships between modes of stimulation, molecular processes,
cellular growth, network remodeling, and the efficiency of signal processing. The
knowledge so obtained will set the stage for the development of Cls in the future.
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6. List of abbreviations

2DG, 2-desoxy-D-glucose

ABR, auditory brainstem response

AP-1, activator protein-1

Arec, activity-regulated cytoskeleton-associated protein
ATF-2, activating transcription factor-2

AVCN, anteroventral cochlear nucleus

AVCNCc, AVCN contralateral to stimulation

AVCN]i, AVCN ipsilateral to stimulation

B50, synonym for GAP-43

BDNEF, brain derived neurotrophic factor

bFGF, basic fibroblast growth factor, same as FGF2

¢, contralateral

CaMKI1V, Ca?*/calmodulin-dependent protein kinases IV
cAMP, cyclic adenosine monophosphate

CB, cerebellum

c-fos, Finkel-Biskin-Jinkins murine osteosarcoma viral oncogene
c-Fos, protein encoded by proto-oncogene c-fos

CI, cochlear implant
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CIC, central nucleus of the inferior colliculus

CICc, CIC contralateral to stimulation

c-jun, avian sarcoma virus 17, 'Jun' being derived from Japanese 'ju-nana' for '17'
c-Jun, protein encoded by immediate-early gene c-jun
Co, control

CRE, cAMP response element

CREB, cAMP response element-binding protein
cRNA, coding ribonucleic acid

CX, neocortex

d, dorsal

DAB, 3,3'-diaminobenzidine tetrahydrochloride

dB, decibel

DCN, dorsal cochlear nucleus

DCNi, DCN ipsilateral to stimulation

DIG, digoxigenin

DMSO, dimethyl sulphoxide

DNA, deoxyribonucleic acid

EABR, electrical auditory brainstem response

Egr-1, early growth response protein-1

EIS, electrical intracochlear stimulation

EP, evoked potential

EphA4, ephedrine A4

ERK, extracellular signal regulated kinase, mitogen-activated protein (MAP) kinases,
variants 1 and 2

F1, synonym for GAP-43

FAP, activator protein-1 (AP-1)-like sequence

GABA, gamma amino butyric acid

GAP-43, growth-associated protein-43

Glu, glutamate

Gly, glycine

HuD, member of human Hu proteins identified as target antigens in autoimmune paraneo-
plastic encephalomyelitis-sensory neuronopathy, RNA-binding and stabilizing protein.
Hz, Hertz

i, ipsilateral

i.p., intraperitoneal

IC, inferior colliculus

IHC, immunhistochemistry

ISH, in situ hybridization

Krox-24, synonym for Egr-1

1, lateral

LOC, lateral olivocochlear

LSO, lateral superior olivary complex

LSOc, LSO contralateral to stimulation

LSOi, LSO ipsilateral to stimulation

m, medial

MAPK, mitogen-activated protein kinase

MGB, medial geniculate body
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MGBc, MGB contralateral to stimulation

mRNA, messenger ribonucleic acid

n7, facial nerve

NGEF, nerve growth factor

NGFI-A, nerve growth factor-induced protein 1, synonym for Egr-1
NMDA, N-methyl-D-aspartic acid

ns, non-significant

P, postnatal day

p38, protein phosphorylating specific MAPKs

P-57, synonym for GAP-43

p75(NTR), p75 neurotrophin receptor

p-ATE-2, phosphorylated activating transcription factor-2
PBS, phosphate-buffered saline

PCR, polymerase chain reaction

p-CREB, phosphorylated cAMP response element binding protein
p-ERK, phosphorylated ERK

pp46, synonym for GAP-43

PV, parvalbumin

SIE, sis inducible element associated to retroviral DNA sequences (v-sis) originally isolated
from simian sarcoma virus

SPL, sound pressure level

SRE, serum response element

SSC, standard saline citrate

Syngr-1, Synaptogyrin-1

Tis8, synonym for Egr-1

TrkA, neurotrophic tyrosine kinase receptor type 1

TrkB, neurotrophic tyrosine kinase receptor type 2

tRINA, transfer ribonucleic acid

VCN, ventral cochlear nucleus

VCNc, VCN contralateral to stimulation

VNTB, ventral nucleus of the trapezoid body

Zenk, synonym for Egr-1

Zif268, synonym for Egr-1
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1. Introduction

The ability to hear, our perception of sound, is fundamental to how we perceive our external
environment and interact with others using spoken language. Sound also plays a critical role
in the normal development of the auditory system. In this review, we will discuss sound,
hearing, and the role of hearing in brain development. We will examine the effect of
deafness and the impact of cochlear implants on neuronal plasticity and auditory function.

It is speculated that hearing evolved as a distance sense so that organisms could detect
potential dangers that were not visible, such as during the dark of night or where grass or
forests were too dense (Jerison, 1973). All animals have the ability to sense mechanical
perturbations in the air, and in vertebrates, the inner ear is a highly developed structure that
solves this problem. This sense organ consists of specialized cellular structures that
transduce (or convert) sound stimuli into neural signals.

Sound is created by vibrations within a plastic medium (air, water, gas etc.) caused by the
movement of molecules. The oscillations of these sound waves can be described by their
rate, which is defined in cycles per second, also known as frequency. The sensation of
pitch is positively correlated to the frequency of sound. The pressure (or intensity) of
these vibrations is perceived as loudness. Sound in air is captured by the auricle, the
external portion of the ear, and funneled through the external auditory canal to the
tympanic membrane, also known as the eardrum. The tympanic membrane is
mechanically coupled to the middle ear ossicles (malleus, incus and stapes) where the
vibrations are amplified and delivered to the cochlea. The vibrations in air become
vibrations in fluid and are transmitted to the sensory hair cells of the organ of Corti. This
mechanical signal is converted to neural signals and relayed to the brain by the auditory
nerve. The brain receives and interprets these signals and the result is what we perceive as
hearing.

In humans, the range of hearing that is audible contains frequencies between approximately
20 to 20,000 Hz. Hearing range is variable between individuals as well as species (Figure 1).
Mammals in particular have developed high frequency hearing and have the largest
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frequency range among vertebrates. The ear is the structural organ that detects sounds,
however, the brain is the organ that perceives sound through the firing of nerve cell
impulses. This neural activity is important for the normal construction and maintenance of
the auditory structure and function. The brain combines auditory input received from both
ears to determine the level, direction and distance of the sound. The inability of the brain to
perceive auditory information from one or both ears is termed hearing loss. Hearing loss is
the most common sensory loss, affecting millions worldwide. In the U.S., the National
Institute of Deafness and Other Communications Disorders, (NIDCD) has determined that
2-3 out of 1,000 newborns, and 36 million adults are affected by hearing loss
(http:/ /www.nidcd.nih.gov/health/statistics/ Pages/ quick.aspx). Hearing loss or deafness
can be defined as congenital or acquired. Congenital hearing loss occurs at birth, whereas
acquired deafness occurs after birth. The type of hearing loss is classified as sensorineural,
conductive or mixed. Sensorineural hearing loss is defined as being caused by an
abnormality in the inner ear, cranial nerve VIII (auditory nerve), or the central processing
auditory centers of the brain. Conductive hearing loss occurs when sound is not being
conducted efficiently throughout the ear canal, eardrum and the middle ear.

Chicken
Barn Owl
Cockatiel
Parakeet
Canary
Tree Frog
Bullfrog
Tuna
Catfish
Goldfish
Porpoise
Elephant
Beluga Whale
Bat
Chinchilla
Opossum
Ferret
Raccoon
Hedgehog
Guinea Pig
Gerbil
Mouse
Rat
Rabbit
Sheep
Horse

Fig. 1. Hearing Range * approximate values, not drawn to scale (adapted from Fay, R.R.
(1988). Hearing in vertebrates: a psychophysics databook, Hill-Fay Associates, Winnetka, IL).
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For many individuals affected by hearing loss, depending on the severity of hearing
impairment, listening needs, and lifestyle, several options are available. Current treatment
of sensorineural hearing loss is available via acoustic hearing aids, implantable middle ear
hearing devices, and cochlear implants. Hearing aids are widely used to amplify and
modulate sound enabling an individual with damaged hearing to communicate and
participate more fully in daily activities. Cochlear implants, however, provide a sense of
sound to individuals profoundly deaf or severely hard of hearing. Implants work to bypass
the sensory hair cells within the organ of Corti. Conversely, hearing aids amplify sound.
Cochlear implants do not restore normal hearing but rather provides the individual with a
useful representation of sounds in the environment. Other acoustic aids such as middle ear
implants work to remedy ossicular dysfunction and auditory brainstem implants work by
bypassing the auditory nerve and is implanted directly into the midbrain. The biggest and
still outstanding problem with listening aid devices is their inability to function optimally in
the presence of background noise.

The improved quality of cochlear implants over the last several decades have restored
hearing to more than 200,000 deaf patients worldwide, in the US alone, over 42,000 adults
and 28,000 kids (http://www.nided.nih.gov/health/hearing/pages/coch.aspx.) Cochlear
implants have become the most successful neural prostheses to date. Cochlear implants
have been found to be most beneficial to post-lingually deafened adults and young children
(Waltzman & Roland, 2005; Niparko et al.,, 2009). The use of auditory training has been
found to induce post-implantation synaptic plasticity and to enhance post-implantation
performance. Auditory function with cochlear implantation has achieved enormous success
in the past several years. The robust outcomes and satisfaction of cochlear implant patients
have contributed to the widespread acceptance of implant use.

2. Historical origin of cochlear implants

Cochlear implants work by directly stimulating the auditory nerve. It requires both a
surgical approach and significant post-surgical training. The earliest example of electrical
stimulation to the auditory system was by an Italian physicist, Alessandro Volta in 1790.
Volta is famous for discovering the first practical method of generating electricity, the
electrolytic cell. By placing the ends of metal rods in his ears connected to an electrical
supply (approx. 50 V), he discovered that the initial “boom in the head” was followed by a
resultant electronic sound similar to “a thick boiling soup” —what we know now to be
electronic static. Over the next several decades, it was surmised that since sound is more of
an alternating sinusoidal signal, stimulation via direct current (DC) would probably not
produce an adequate hearing sensation. In the early 19th century, the Frenchman Duchenne
used an alternating current to stimulate hearing. His observation was described “as a sound
similar to an insect trapped between a glass pane and a curtain.”

Wever & Bray, (1930) went on to discover that an electrical response recorded near the
auditory nerve of a cat was similar in frequency and amplitude to the stimulating sound.
Gersuni & Volokhov, (1936) are credited for observing the effects of an alternating electrical
stimulus on hearing. Another important discovery made by these investigators was that
hearing could persist even after surgical removal of the tympanic membrane and middle
ossicles, and thus hypothesized that the cochlea was the site of stimulation. Stevens & Jones,
(1939), observed that several mechanisms produced hearing when the cochlea was
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stimulated electrically. Direct stimulation of the auditory nerve in a human was performed
by Lundberg in 1950 and resulted in the patient hearing noise. In 1957, French-Algerian
surgeons Andre Djourno and Charles Eyries directly stimulated exposed acoustic nerves
and reported the patients” experience when current was applied (Djourno et al., 1957). It
became distinctly apparent to researchers during the 1940's and 1950’s that if precise
hearing sensations were to be produced it would be more beneficial for current to be
applied locally rather than widespread.

In 1961, William House developed a device to stimulate auditory function based in part on
notes made by Djourno and colleagues. Together with Jack Urban, an engineer, he
developed a single channel electrode implant device to assist with lip reading. Three deaf
patients received this implant, with all reporting some benefit. Doyle et al., (1964), is
credited for designing a four-electrode implant to try to limit the spread of the electrical
current within the cochlea. Results obtained from a singular patient were only satisfactory,
the most significant finding being the patients” new ability to repeat phrases. Simons, (1966)
went on to perform a more extensive study by placement of electrodes throughout the
promontory and vestibule areas and into the modiolar section of the auditory nerve. This
approach allowed for stimulation of auditory fibers representing different frequencies.
Results from testing showed the patient was able to discern the length of the stimulus
duration and tonality could be achieved.

Cochlear implantation was tested and refined by use of scala tympani implantation of
electrode arrays driven by an implantable receiver-stimulator by House, (1976) and
Michelson, (1971). The House 3M single channel cochlear implant was the first to be
commercially available in the US receiving FDA approval in 1984. Several hundred of these
were implanted in patients beginning in 1972 and throughout the mid 1980’s.

Meanwhile, outside the US, progress was being made by Graeme Clark in Australia.
Professor Graeme Clark and colleagues developed a multi-channel cochlea implant, which
enhanced the spectral perception and speech recognition capabilities in adult patients. This
device was implanted in Rod Saunders in 1978, the first multi-channel cochlear implant
recipient in the world. By the late eighties this implant marketed under the name “Nucleus
Multi-channel Cochlear Implant” by Cochlear Pty Ltd. became the most widely used. This
device received FDA approval in 1984 for use in adults, however by 1990 the age was
reduced to 2, by 1998 to age 18 months, and by 2002 age 12 months. In some cases special
approval have been obtained from the FDA for cochlear implantation of babies as young as
6 months of age (Eisen, 2009).

Today, due to advancement of technical and electronic development over the last few years,
the size of the external components has been decreased in all commercially available
cochlear implants. Companies such as Advanced Bionics and Neurelec provide only
cochlear implants. Med El and Cochlear Corp., in addition to cochlear implants offer the
middle ear implant system and Baha® bone conduction system respectively. As recently as
last year, 2010, the FDA approved the Esteem® Totally Implantable Hearing System by
Envoy Medical --intended to alleviate moderate to severe hearing loss in adults. The Esteem
system, functions by sensing vibrations from the eardrum and the middle ear and converts
these mechanical vibrations into electrical signals thereby replicating the ossicular chain and
providing addition gain.



Cochlear Implantation, Synaptic Plasticity and Auditory Function 171

3. Animal models of deafness

Many different models of congenital deafness have been studied and include, cochlear
ablation, acoustic trauma, ototoxic drugs, and hereditary deafness. The power of
experimental animal models is that they enable researchers to study the effects of deafness
in the auditory system and to infer mechanisms of pathophysiology in highly invasive
preparations that would not be possible in human subjects. The consequences of congenital
versus acquired deafness often reveal the importance of features involved in development.
Neural activity is critical for normal construction and maintenance of auditory structure and
function (Parks et al., 2004; Shepherd et al., 2006) with its lack having important implications
on the auditory pathway. Neural activity influences the refinement of the genetic blueprint
for circuitry including axonal distribution and synapse formation within the auditory
system (Leake et al., 2006; Baker et al., 2010). In the absence of auditory stimulation, a series
of pathological and atrophic changes is introduced that include more widespread
distributions of axonal projections (Leake & Hradek, 1988), abnormal projections (Nordeen
et al., 1983) delayed maturation (Kandler, 2004), and language impairments (Robbins, 2006).

The developing animal highlights the importance of auditory stimulation. Lack of auditory
stimulation early in the postnatal period produces severe abnormalities in the auditory
pathways, whereas, in mature animals with previous auditory experience, these effects are
diminished (Rubel & Parks, 1988). These observations have been associated with the age
related benefits of cochlear implantation in congenitally deaf humans (Waltzman et al., 1991;
Gantz et al., 1994) because younger children typically gain more benefit from a cochlear
implantation than older children. Data imply that deafness causes change in the central
nervous system that, if not corrected, interferes with implant effectiveness.

For the purpose of this chapter we will focus primarily on the congenitally deaf white cat
model of deafness. The congenitally deaf white cat model manifests a type of
cochleosaccular degeneration that causes sensorineural hearing loss, mimicking the Scheibe
deformity in humans (Scheibe, 1882; Suga & Hattler, 1970). Deafness in these animals is
manifest by a collapse of Reissner’'s membrane, which obliterates the scala media and the
organ of Corti (Figure 2).

It is not possible to conclude that deafness is solely due to the collapse of Reissner’s membrane.
First, these kittens are all born with normal looking cochlear morphology (Baker et al., 2010). It
is only after the end of the first postnatal week that the pathology begins to emerge. The stria
vascularis is pathologically thin, and this abnormality accompanies an irregular lengthening of
Reissner’s membrane that causes it to undulate. In addition, there is shrinkage of the tectorial
membrane and it begins to curl upon itself and roll against the spiral ligament. This
lengthening of Reissner’s membrane proceeds rather rapidly such that it collapses by the end
of the second postnatal week. By this time, the tectorial membrane is tightly curled against the
spiral ligament. At the start of the third postnatal week of life, those kittens that are destined to
become deaf exhibit a completely pathologic inner ear with no cochlear duct and no organ of
Corti. Hair cell receptors are completely absent.

4. Synaptic morphology

Surprisingly, there are abnormalities in auditory nerve synapses in the cochlear nucleus that
are evident at birth. The surprise is because it occurs well before the onset of hearing, and
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the idea had been that the effects of deafness wouldn’t appear until after the normal onset of
hearing. The delayed effect was presumed to occur because a lack of sound-evoked activity
was hypothesized to underlie the abnormal synapses. The occurrence of abnormal synapses
prior to the lack of activity implies that the system knows that it is deaf before there is
evidence that the animal can hear or not.

Fig. 2. Light micrographs of mid-modioloar sections showing the organ of Corti from a
normal hearing (left) and deaf cat (right). RM= Reissners membrane, SP= spiral prominence,
BM= basilar membrane, TM= tectorial membrane, SL= spiral limbus, SV=Stria vascularis.

Synapses are definable not only by presynaptic characteristics at the release site such as
synaptic vesicle size and shape, transmitter chemicals, neuromodulators, and transporter
molecules but also by the postsynaptic composition of transmitter receptor subunits, shape
and curvature of the postsynaptic density (PSD), ion channels, and associated second
messenger and retrograde signaling systems. Moreover, there must also be consideration of
size and distribution of the terminal, target compartment (e.g., cell body, dendritic shaft,
spine), and location of the cell bodies that give rise to the projection. Proper transmission of
acoustic signals from neuron to neuron depends in large part on the precise spatial
arrangement of these factors at the release site. The corollary to this notion is that
abnormalities of synaptic structure will impair signal transmission, thereby corrupting the
neural representation of the acoustic stimulus.

For the processing of sound, neural activity in the central nervous system must be tightly
coupled in time to acoustic events. Sound, perhaps more than any other sensory stimuli,
conveys meaning by the time-varying nature of frequency and level (or loudness). By virtue of
the time-dependence of sound for information significance, neural activity pertaining to sound
must be synchronized to time-dependent variables of the physical stimulus. Different sounds
are revealed by distinctive characteristics in their time-varying features. It is accepted that
different features of the physical components of sound are parsed and sent along separate and
distinct pathways. Eventually, the information conveyed down the various circuits must
reconvene with precise timing to produce a conscious percept of the stimulus. It is for these
reasons that timing is so important to the auditory system. As a corollary, aberrations in these
pathways will corrupt processing and disturb how sound is perceived.
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The hair cell receptors within the cochlea transduce sound energy into neural signals in
auditory nerve fibers that are conveyed to the cochlear nucleus (Kiang et al., 1965). The
cochlear nucleus receives all incoming auditory information and gives rise to the ascending
auditory pathways. The relatively homogeneous responses of incoming auditory nerve
fibers are transformed into a variety of different response patterns by the different classes
of resident neurons in the cochlear nucleus. These signals are in turn transmitted to higher
centers by the ascending pathways. The spectrum of the responses depends not only upon
the synaptic organization of the auditory nerve but also on intrinsic neurons and
descending inputs; the types and distribution of receptors, ion channels, and G proteins;
and second messengers. These features form the signaling capabilities for each cell class.
In order to understand how sound is processed, there is a need to study identified cell
populations, to analyze their synaptic connections, and to reveal features of their signal
processing capabilities.

Auditory nerve fibers are the major source of excitation to cells of the ventral cochlear
nucleus (Koerber et al., 1966). In the anteroventral cochlear nucleus (AVCN), myelinated
auditory nerve fibers give rise to large, axosomatic synaptic endings known as endbulbs of
Held (Held, 1893; Lorente de N6, 1981). Endbulbs have a calyx-like appearance where the
end of the fiber is marked by the emergence of several thick, gnarled branches that divide
repeatedly to form an elaborate arborization of en passant and terminal swellings to embrace
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Fig. 3. Photomicrographs of the Endbulb of Held in different vertebrate species showing the
evolutionary conservation of this synapse. (Adapted from Ryugo, D.K. & Parks, T.N. (2003).
Brain Res Bull, Vol. 60, No. 5-6, pp. 435-456).
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the postsynaptic spherical bushy cell (SBC, Ryugo & Fekete, 1982). These endbulbs are
among the largest synaptic endings in the brain (Lenn & Reese, 1966), and one-to-three
endbulbs selectively contact a single SBC (Ryugo & Sento, 1991; Nicol & Walmsley, 2002).
They contain up to 2,000 release sites (Ryugo et al., 1996) and transmit activity with high-
fidelity to the postsynaptic SBC (Babalian et al., 2003). The size and evolutionary
conservation of endbulbs among vertebrates emphasize its importance in enabling spike
activity to be yoked in time to acoustic events (see Figure 3).

4.1 Normal hearing animals

During postnatal development, the endbulb of Held begins with the formation of a solid,
spoon-shaped growth cone and culminates in a highly branched axosomatic arborization.
Each endbulb can form hundreds of synapses onto the postsynaptic SBC (Ryugo et al., 1996).
This feature in particular suggests a highly secure synaptic interface to maintain the
temporal fidelity of all incoming signals to the SBC (Manis & Marx, 1991). The structure of
this giant synaptic terminal has been extensively studied to learn about synapse formation,
its target specificity, and its reaction to deafness (Limb & Ryugo, 2000; Ryugo et al., 1997,
1998; Oleskevich et al., 2004, see Figure 4).
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Fig. 4. Development of the endbulb of Held in a normal hearing cat from birth to adulthood.
(Adapted from from Ryugo, D.K. & Spirou, G.A. (2009). Auditory System: Giant Synaptic
Terminals, Endbulbs and Calyces. In: New Encyclopedia of Neuroscience, Vol. 1, Squire, L.R.
(Ed.), pp. 759-770, Academic Press, Oxford).
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In normal hearing cats, the endbulb arborization onto the SBC have been shown to vary
systematically with respect to the average level of spike discharges received from auditory
nerve fibers having low or high levels of activity. Endbulbs from fibers having high levels of
activity (e.g., high (>18 s/s) spontaneous discharge rates and low thresholds for evoked
responses) exhibit modest levels of branching with relatively large en passant and terminal
swellings. In contrast, endbulbs from fibers having relatively low levels of activity (e.g., low
(<18 s/s) spontaneous discharge rates and high thresholds for evoked responses) exhibit
highly elaborate branching with relatively small en passant and terminal swellings (Figure 5).
The differences in branching complexity were confirmed by statistically significant differences
in fractal values. Moreover, the larger swellings on the highly active endbulbs resembled the
swollen endings of overactive terminals where it was speculated that the swelling was caused
by the fusion of synaptic vesicles (Burwen & Satir, 1977). Using electron microscopy to study
synaptic ultrastructure, endbulbs receiving relatively low levels of spike discharges were
associated with larger PSDs, whereas those exhibiting high rates of spike discharges exhibited
smaller PSDs (Ryugo et al, 1996). These data are consistent with observations from rats
exposed to repetitive tones or silence; stimulated animals exhibited endbulbs with smaller
PSDs compared to those of animals exposed to silence (Rees et al., 1985). The synapse structure
of endbulbs is clearly plastic and subject to activity-related change.
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Fig. 5. Endbulbs of Held activity related changes. (Adapted from Sento, S. & Ryugo, D.K.
(1989). Endbulbs of Held and spherical bushy cells in cats: Morphological correlates with
physiological properties. ] Comp Neuro, Vol. 280, No. 4, pp. 553-562).
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4.2 Congenitally deaf animals

The endbulb synapse has been studied in congenitally deaf white cats to infer the extent to
which sound influences its growth (Ryugo et al., 1997, 1998). Due to the elaborate form of the
endbulb, changes in morphology should be evident and quantifiable. Moreover, given that
variations in endbulb morphology were already apparent in normal hearing cats where
differences could be attributed to disparities in spike discharge rates, it was predicted that in
the extreme case of congenital deafness, there should be definable and obvious abnormalities.

Single unit recordings in the auditory nerve of congenitally deaf white cats revealed several
important features. First, in completely deaf cats, there was little spontaneous activity and no
evoked activity. Second, in hard of hearing cats (thresholds >60 dB), there was spontaneous
activity, but elevated in distribution. Spontaneous activity in general was similar to that of
normal hearing cats, but the upper range of spontaneous activity was extended (>150 s/s). In
some auditory nerve fibers, spontaneous discharges exceeded 180 s/s. These data on activity
were consistent with inner ear histology: deaf animals exhibited no organ of Corti, whereas
hard of hearing animals exhibited a full complement of hair cells but showed signs of hydrops
with an outward bulging Reissner’s membrane (Ryugo et al., 1998).

Mormal Adult Cats

DWC 7: 6 months old

FALCY R
W E G

DWC &: 8.5 years old

T AF oL BN
B Ay )

20 pm

Fig. 6. Three-dimentional reconstruction of HRP-labeled endbulbs. Note the branching
complexity is correlated to hearing status. (Adapted from Ryugo, D.K.; Pongstaporn, T.;
Huchton, D.M. & Niparko, ].K. (1997). Ultrastructural analysis of primary endings in deaf
white cats: Morphologic Alterations in Endbulbs of Held. | Comp Neurol, Vol. 385, No. 2, pp.
230-244 and Ryugo, D.K,; Rosenbaum, B.T.; Kim, P.J.; Niparko, ].K. & Saada, A.A. (1998).
Single unit recordings in the auditory nerve of congenitally deaf white cats: Morphological
correlates in the cochlea and cochlear nucleus. | Comp Neurol, Vol. 397, No. 4, pp. 532-548).
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The most obvious structural correlate in the cochlear nucleus was that the endbulbs contacted
significantly smaller postsynaptic SBCs (Saada et al., 1996; O’Neil et al., 2010; Ryugo et al.,
2010). Second, the degree of endbulb arborization was graded in arborization complexity with
respect to hearing threshold. In completely deaf cats, the extent and complexity of endbulb
branching were less with significantly fewer swellings (Ryugo et al, 1997, 1998). These
features were quantified by fractal analysis. Cats with elevated thresholds exhibited
statistically different fractal values from completely deaf cats and normal hearing cats. Normal
hearing cats displayed the most elaborate and complex endbulb arborizations (see Figure 6).

When these endbulbs were examined at greater resolution with an electron microscope,
additional features are affected by hearing loss (Ryugo et al., 1997, 1998). In normal hearing
cats, endbulbs give rise to numerous punctate, dome-shaped PSDs. Surrounding the PSD were
accumulations of round, clear synaptic vesicles (Figure 7). In contrast, endbulbs of congenitally
deaf white cats exhibited a flattening and hypertrophy of the PSDs (see Figure 8). Moreover,
there was a striking increase in synaptic vesicle density near the release site (Baker et al., 2010).
The endbulb synapses from cats that were not deaf but suffering from hearing loss exhibited
features that were intermediate between those of normal hearing and completely deaf cats
(Ryugo et al., 1998). That is, the PSDs were intermediate in size and curvature.

Fig. 7. Electron micrographs showing endbulbs of Held (EB) in normal cats. Note the typical
dome-shaped appearance of PSDs marked with asterisk. Scale bar = 0.5 pm. (Adapted from
O'Neil, ].N.; Limb, C.J; Baker, C.A. & Ryugo, D.K. (2010). Bilateral effects of unilateral
cochlear implantation in congenitally deaf cats. | Comp Neuro, Vol. 518, No. 12, pp. 2382-2404).

Deafness and hearing loss caused abnormalities in endbulb branching, soma size, and
synapse morphology that were statistically different between cohorts (Ryugo et al., 1998).
Abnormalities in synaptic transmission do not just occur with complete deafness. There has
been transmission abnormalities reported in DBA/2] mice with hearing loss (Wang &
Manis, 2006). These changes reveal that auditory synapses are highly sensitive to the
quantity and quality of simulation. The presence of transmission irregularities from the
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presynaptic endbulb to the postsynaptic SBC could introduce jitter or perhaps even
transmission failure. Such interruptions would diminish the precise processing of timing
information. The implication is that even hearing loss will produce difficulties beyond
elevated thresholds.

4.3 Chemical (ototoxic), and genetic deafening

The question could be asked whether the synaptic changes observed in the deaf cats are due
to loss of neural activity in the auditory nerve, or whether they are part of the genetic
syndrome and unrelated to spike activity. Several arguments can be presented to counter
this concern. First, ototoxic deafening produces a similar flattening and hypertrophy of the
PSD (Ryugo et al., 2010). Second, in Shaker-2 mice whose deafness is caused by a mutation of
the myosin 15 gene that leads to loss of hair cells, changes in endbulb arborization (Limb &
Ryugo, 2000) and synaptic morphology (Lee et al., 2003) resemble those of the congenitally
deaf white cat. Third, similar pathologic changes in endbulb morphology have been
observed in the congenitally deaf guinea pig (Gulley et al., 1978). Because non-feline animals
with deafness caused by independent means and cats of normal genetics but deafened by
drugs all show these same synaptic anomalies, we can attribute the synaptic pathology to
the lack of auditory nerve activity caused by deafness.
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Fig. 8. Electron micrographs showing endbulbs of Held (EB) in deaf cats. Note the typical flat
and elongated appearance of PSDs marked with asterisk. Scale bar = 0.5 pm. (Adapted from
ONeil, ].N.; Limb, C.J.; Baker, C.A. & Ryugo, D.K. (2010). Bilateral effects of unilateral cochlear

implantation in congenitally deaf cats. ] Comp Neuro, Vol. 518, No. 12, pp. 2382-2404).

Congenital deafness does not restrict its effects to the auditory nerve and cochlear nucleus
(Saada et al., 1996). Alterations in cell size and number, receptive field properties, and
laminar organization are expressed at higher nuclei of the auditory system including the
superior olivary complex (Schwartz & Higa, 1982), inferior colliculus (Snyder et al., 2000),
and auditory cortex (Klinke et al., 2001; Kral et al., 2001). Thus, alterations and plasticity at
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the endbulb synapse are reflections of a wider range of possible change throughout the
central auditory system initiated by hearing loss and deafness.

5. Critical period of development

The concept of the critical period has been applied to explain biological phenomena that
occur or are most severely affected over a brief period of time during development.
Examples of such developmental events are exemplified by “imprinting” (Lorenz, 1935),
cortical barrel plasticity (Weller & Johnson, 1975), birdsong acquisition (Konishi, 1985),
and functional maturation of auditory cortex (Chang & Merzenich, 2003; Zhou et al.,
2008). Reports that young children receiving cochlear implants gained far superior benefit
compared to that of older children and adults also hinted strongly at a critical period
(Gantz et al.,, 1994; Tyler & Summerfield, 1996). In congenitally deaf cats, electrical
stimulation was reported to recruit auditory cortical responses contingent upon its
commencement before 6 months of age (Klinke et al., 2001; Kral et al., 2002). The
structural foundation for these observations may be attributable to the fact that 3-month
old cochlear implant recipients exhibited somewhat restored auditory nerve synapses,
whereas 6-month old cochlear implant recipients did not (O'Neil et al, 2010). The
developmental period preceding puberty (cats reach puberty at six months of age)
appears most favorable for implant-induced synaptic plasticity, and the restoration of
endbulb synapses is hypothesized to have facilitated the proper delivery of afferent
signals to the forebrain in a timely, coherent, and synchronized way.

6. Synaptic plasticity: Implications for cochlear implants

Synaptic strength and plasticity have been studied in other central synapses such as CA1 in
the rat hippocampus where it was shown that the size of PSDs increases in response to
pharmacological blockade of spike activity (e.g., Qin et al, 2001; Yasui et al., 2005).
Quiescent synapses exhibited larger PSDs and increased numbers of synaptic vesicles that
were accompanied by increases in synaptic strength. Consistent with this correlation, an
increase in synaptic strength is seen in the AVCN of the congenitally deaf mouse when
compared to that of normal hearing mice (Oleskevich & Walmsley, 2002; Oleskevich et al.,
2004). This increase in synaptic strength may be related to an increase in transmitter
receptors that become distributed in the enlarged PSDs.

Several abnormalities have been demonstrated in the auditory system following deafness
including reduced numbers of spiral ganglion neurons (Leake & Hradek, 1988; Ryugo et al.,
1998), abnormal synaptic structure (Ryugo et al., 1997), physiological alterations of auditory
nerve responses in the cochlear nucleus (Oleskevich & Walmsley, 2002; Wang & Manis,
2006), and ectopic projections in the ascending pathways (Franklin et al., 2006). These
changes undoubtedly affected synaptic transmission where degraded responses in the
inferior colliculus (Vale & Sanes, 2002; Vollmer et al., 2005) and auditory cortex (Kral et al.,
2006) have been observed. Endbulbs are implicated in mediating the precise temporal
processing of sound (Molnar & Pfeiffer, 1968) and are known to transmit from auditory
nerve to postsynaptic cell with a high degree of fidelity (Babalian et al., 2003). Detection and
identification of some sounds are not nearly as demanding as the processing of temporal
cues needed for sound localization, pattern recognition or speech comprehension. The
introduction of synaptic jitter, delay, or failure by congenital deafness at the endbulb



180 Cochlear Implant Research Updates

synapse appears to compromise such processing. If deafness-induced abnormalities go
uncorrected, a cochlear implant may not be able to overcome the degraded signals, resulting
in decreased benefit. The contribution of electrical activity to synaptic ultrastructure
demonstrates that a cochlear implant can reverse some morphologic abnormalities in the
auditory pathway when stimulation is started early.

6.1 Restoration of the endbulb synapse

Cochlear implants are electronic neural prostheses that are able to restore functional hearing
to most individuals who are profoundly deaf or severely hard of hearing. Cochlear implants
achieve their effects through bypassing the nonfunctioning auditory hair cell receptors of
the inner ear and directly stimulating the auditory nerve (Rauschecker & Shannon, 2002).
Individuals who lose hearing after developing speech and congenitally deaf children who
receive implants early in life are the best candidates for cochlear implants, although the level
of benefit varies widely from one individual to the next. Young children under the age of 2
years who exhibit nonsyndromic sensorineural deafness are also excellent candidates
(Waltzman et al., 1994, 1997). Because children who receive implants at progressively older
ages tend to perform more poorly, it is hypothesized that uncorrected congenital deafness
leads to irreversible abnormalities throughout the central auditory system.

The synaptic changes in auditory nerve endings associated with congenital deafness present
an interesting test for thinking about sensory deprivation and brain plasticity. Restoration of
auditory activity by unilateral electrical stimulation in deaf cats resulted in improvements in
temporal processing at the level of the cortex (Klinke et al., 2001), the inferior colliculus
(Vollmer et al., 2005) and the cochlear nucleus (Ryugo et al., 2005). We sought to determine
whether synaptic abnormalities in the cochlear nucleus would represent the key to
disrupting auditory processing throughout the central auditory system?  Using
miniaturized cochlear implants (Clarion II implants donated by Advanced Bionics
Corporation) congenital deaf kittens were implanted at 3 and 6 months of age. The implants
utilized a 6-electrode array. After a short period of recovery, each kitten was stimulated 7
hours a day, 5 days a week for 2-3 months. The device utilized a speech processor identical
to that used with human patients (Kretzmer et al., 2004). During the period of stimulation
animals learned to approach their food bowl in response to a specific “call” showing that the
animals were processing signals of biological relevance. Synapse restoration was evident on
the side of stimulation where the small size and dome-shaped curvature of the PSD
returned (Ryugo et al., 2005, Figure 9) however, this was not observed in the 6-month late
implanted group (O’Neil et al., 2010).

6.2 Trans-synaptic changes in the auditory pathway

Electrical stimulation of the auditory nerve via cochlear implantation restored many of the
synaptic abnormalities associated with congenital deafness, including PSD size, distribution,
and curvature, and synaptic vesicle density. The restored synapses, however, were not
completely normal because intermembraneous cisternae that tend to flank release sites did
not return (O'Neil et al., 2010). Moreover, electrically evoked ABRs differed from those in
normal cats. Evoked peaks in the ABR waveform whose height and sharpness are indicative
of synchronous ascending volleys, while more prominent in implanted cats compared to
that of unstimulated congenitally deaf cats, were nonetheless delayed and flattened. These
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changes in ABR waveform suggest a loss of synchrony in the evoked responses, perhaps
caused by an increase in transmission jitter or transmission failure. The ascending
projections of SBCs are likely to sustain these abnormalities through the interaural time
difference (ITD) circuitry.

6.3 Trans-synaptic effects on spherical bushy cells

Spike activity and neural transmission in spiral ganglion cells and their fibers appear
essential for the normal development of cochlear nucleus neurons (Rubel & Fritzsch, 2002).
It follows that procedure’s that increase neuronal survival should boost cochlear implant
benefits such as improving speech comprehension. Studies that used ototoxic deafening of
normal hearing cats have reported small but positive effects of electrical stimulation on
cochlear nucleus cell size (Stakhovskaya et al., 2008), whereas others using similar methods
show no effects (Coco et al., 2007). Our data show that electrical stimulation of auditory
nerve fibers via cochlear implants had no effect on the size of the SBC neurons in this model
of hereditary deafness. Because spiral ganglion neurons die at a faster rate with ototoxic
treatments compared to hereditary deafness (Anniko, 1985), it may be that the ototoxic
treatment not only damages auditory hair cell receptors but also spiral ganglion neurons
and central neurons. Hereditary deafness obviously represents a different model from
ototoxic deafness so it remains to be determined to what extent the results from the separate
animal models are comparable.

6.4 Changes in the Medial Superior Olive (MSO)

Excitatory inputs to MSO neurons are segregated such that ipsilateral input innervates
lateral dendrites and contralateral inputs innervate medial dendrites (Russell et al., 1995;
Kapfer et al., 2002). These neurons function as a “coincidence detector” for processing ITDs
(Carr et al., 2004). In addition, inhibitory inputs tend to be confined to the MSO cell bodies
of mammals specialized for low frequency hearing (e.g., gerbil, cat, chinchilla). This
topographical arrangement differs in MSO cells of mammals specialized for high frequency
hearing (e.g., rat, opossum, bat, juvenile gerbil) where there is an equal excitatory-inhibitory
synapse distribution on both cell somata and dendrites. Inhibitory input to the MSO arise
from the medial and lateral nucleus of the trapezoid body (MNTB, LNTB, Grothe & Sanes,
1993) and function to adjust the output signal of MSO neurons (Pecka et al., 2008). The
spatial distribution of these excitatory and inhibitory inputs is sensitive to developmental
abnormalities within the acoustic environment. Deafness causes a bilateral disruption in the
spatially segregated inputs to the MSO principal neurons as seen in mammals with low
frequency hearing. In congenitally deaf animals, inhibitory input at the cell somata is
significantly less than what is observed in hearing controls (Kapfer et al., 2002; Tirko &
Ryugo, 2012).

This change in axosomatic inhibition was inferred by a loss of staining for gephyrin, an
anchoring protein for the glycine receptor (Kapfer et al.,, 2002) and the migration of
terminals containing flattened and pleomorphic synaptic vesicles (indicative of
inhibitory synapses) away from the cell body. Excitatory inputs to the dendrites were
severely shrunken. Two-to-three months of electrical stimulation via cochlear
implantation of the congenitally deaf cat resulted in a partial restoration of the size of
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excitatory inputs to dendrites and a restoration of inhibitory input onto the cell somata
(Tirko & Ryugo, 2012).

2T, Gt T A e _
Fig. 9. Electron micrographs of endbulbs highlighted in yellow illustrating the restorative
effect of activity on synapses. The endbulb of a congenitally deaf cat that received
stimulation from a cochlear implant exhibits synapses with normal morphology. *Asterisks
and arrowheads mark PSDs. (Adapted from Ryugo, D.K.; Kretzmer, E.A. & Niparko, J.K.
(2005). Restoration of auditory nerve synapses in cats by cochlear implants. Science, Vol. 310,
No. 5753, pp. 1490-1492).

6.5 Changes in the Lateral Superior Olive (LSO)

The LSO is involved in interaural level differences (ILDs, Tollin, 2003). This circuit
measures the difference in sound level or intensity between the two ears, since the ear
further from the sound source receives a relatively softer sound due to the “shadow”
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effect of the head. This binaural nucleus also plays a central role in sound localization,
specifically in the processing of high frequency sounds. ILDs are encoded by integrating
both excitatory and inhibitory input. The LSO receives excitatory input from ipsilateral
SBCs and inhibitory input from the MNTB that in turn receives input from the
contralateral globular bushy cells (Kandler et al., 2009).

The MNTB provides glycinergic input to the LSO. Glycine is a major inhibitory transmitter
providing synaptic inhibition in the LSO and other nuclei within the superior olivary
complex (Caspary et al., 1994; Grothe & Sanes, 1993). Inputs to the LSO are tonotopically
organized similar to cochlear nuclei and are aligned so that a single neuron is excited and
inhibited by the same sound frequency (Kandler et al., 2009).

Within the LSO, there is a remarkable degree of synaptic reorganization involving
experience dependent plasticity that is important for normal auditory development (Kapfer
et al., 2002; Kim & Kandler, 2003). In gerbils, development of the MNTB-LSO pathway
begins with synaptic pruning of MNTB axon terminals in the LSO and a decrease in the
spread of LSO dendrites occurring after hearing onset. This pruning depends in large part
on auditory experience (Kandler et al., 2009). The specific elimination and strengthening of
GABA/glycinergic synapses is essential for the formation of a precise tonotopic map
(Gillespie et al., 2005).

Deafness-associated plasticity at the synapse level has long been observed in the auditory
midbrain (Caspary et al.,, 1999; Sato et al., 2000; Holt et al., 2005). These synaptic changes
influences the balance of excitation and inhibition and are reflected in neuronal response
profiles (Francis & Manis, 2000; Syka et al., 2000; Syka & Rybalko, 2000) that vary with
respect to cell type. A decrease in excitatory transmission to the LSO produces alterations in
synaptic and membrane properties affecting the maturation of synaptic strength. This effect
may be a result of a change in total synaptic contacts, presynaptic release or postsynaptic
cell response (Buras et al., 2006).

6.6 Changes in the Inferior Colliculus (IC)

The IC is a tonotopically organized nucleus of the midbrain receiving ascending auditory
inputs from many sources including both cochlear nuclei, superior olivary complex, as well
as descending inputs from the auditory cortex and superior colliculus. It is a large nucleus,
bilaterally located and representing the main station through which most ascending
projections must pass before reaching the auditory forebrain. A rudimentary tonotopic
organization within the IC has been shown to exist in long-term deafened animals (Snyder
et al., 1990; Shepherd et al., 1999). This organization is maintained in the absence of auditory
input (i.e., deafness) implying that connections are in place prior to hearing onset (Young &
Rubel, 1986; Friauf & Kandler, 1990). Acute deafness did not increase temporal dispersion in
spike timing to electric pulse trains in the auditory nerve nor impair ITD sensitivity (Shephard
& Javel, 1997; Sly et al., 2007). Congenital deafness, however, did reduce ITD sensitivity in the
responses of IC units. Single unit data in the IC showed that half as many neurons in the
congenitally deaf cat showed ITD sensitivity to low pulse trains when compared to the acutely
deafened animals. In neurons that showed ITD tuning, the tuning was found to be broader
and more variable (Hancock et al., 2010). These findings reveal that ITD sensitivity is seriously
affected by auditory deprivation and is consistent with what has been shown in humans with
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bilateral cochlear implants: these individuals perform better at distinguishing ILDs than ITDs.
Collectively, the data imply that ITD discrimination is a highly demanding process and that
even with near perfect synapse restoration, the task is sufficiently difficult that perhaps only
complete restoration of synapses will enable the full return of function.

6.7 Changes in auditory cortex

Congenital deafness leads to functional and morphological changes in the auditory system
from the cochlear nucleus, the first nuclei receiving auditory synaptic input to the auditory
cortex (Kral et al., 2000, 2001). As clinical experience has shown, successful restoration of
acoustic input to the auditory system depends on implantation age and sensitive periods in
humans (Tyler et al., 1997; Busby & Clark, 1999) as well as cats (Klinke et al., 2001; O’Neil et
al., 2010). In congenitally deaf cats, the auditory cortex does not receive any sound evoked
input. However, it does display some rudimentary cortical representation of cochleotopy
(Hartmann et al., 1997) and ITDs (Tillein et al., 2010). Investigations on the functional
deficits of the auditory cortices in adult deaf cats were conducted where synaptic currents in
cortical layers were compared between electrically stimulated congenitally deaf and
electrically stimulated normal hearing animals (Kral et al., 2000). Marked functional deficits
were found in the auditory cortex of the congenitally deaf cat believed to result from
degeneration of the corticocortical and thalamocortical projections. Auditory experience
through implantation was found to be necessary for recruitment and maturation of the
auditory cortex, and such experience expanded the functional area of auditory cortex over
that of animals who did not receive meaningful stimulation (Klinke et al., 2001).

7. Plasticity and binaural pathways

The ILD is the auditory cue used for localizing high-frequency sounds, whereas, ITD is the
dominant auditory cue for localizing low-frequency sounds. These cues make up the
binaural pathways important for sound-source localization. The endbulb synapse has been
implicated in the ITD pathway that processes the precise timing features of sound that is
crucial for binaural hearing. SBCs send projections from the AVCN to the superior olivary
complex (Cant & Casseday, 1986). These projections terminate onto ipsilateral neurons of
the LSO and bilaterally upon bipolar neurons of the MSO. In the MSO, inputs from the right
cochlear nucleus terminate on the dendrites facing the right, whereas inputs from the left
cochlear nucleus terminate on the dendrites facing left. The MSO is a key nucleus that
processes synaptic input from both ears (Figure 10).

ITDs are crucial for localizing sounds on the horizontal plane. The ITD pathway utilizes the
difference in arrival of a sound at the two ears to place a sound source. The general concept
for this binaural sensitivity is the coincidence detection model where neurons would only
respond when binaural excitatory inputs converged simultaneously (Jeffress, 1948). In this
model, an array of MSO neurons receive systematically arranged inputs, each with a delay
line such that it would only respond if a sound source were in a particular position off the
midline. Some neurons would respond when the sound was directly in front of the animal,
whereas others would respond when the sound moved away from the midline.

A delay line would compensate for a progressive shift in time of arrival at the two ears. The
system is sensitive to differences in the range of tens of microseconds, so it is clear that
precision in synaptic transmission is required (Grothe, 2000).
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Fig. 10. Duplicity Theory Pathway (Adapted from Tollin, D.J. (2003). The lateral superior
olive: a functional role in sound source localization. Neuroscientist, Vol. 9, No. 2, pp. 127-143
and O'Neil, ].N.; Connelly, C.J.; Limb, C.J. & Ryugo, D.K. (2011). Synaptic morphology and
the influence of auditory experience. Hear Res, Vol. 279, No. 1-2, pp. 118-30).

The endbulb, therefore, is not only important for processing important timing cues for
sound localization but also for time-varying cues in speech such as voice onset, stressed
syllables, gaps, and amplitude modulation (Blackburn & Sachs, 1990). The point of this
discussion is to emphasize that endbulbs and the timing of neural activity are linked and
highly important to the proper processing and perception of sound.

8. Auditory function

Auditory experience has been shown to influence the maturation of the central auditory
system throughout development. Auditory nerve activity in the form of spike discharges is
necessary for the initial formation of precise synaptic structure, tonotopic organization, and
proper distribution of terminals in the ascending auditory pathway. Abnormalities in
organization result in a corruption of signal processing within the brain that ultimately
impairs auditory perception. Structural changes occur in the brainstem and have been
described in the congenitally deaf white cat model. The re-establishment of activity through
electrical stimulation results in a remarkable recovery of the involved synapses and circuit
organization. (O'Neil et al., 2011; Tirko & Ryugo, 2012).

Implants have allowed individuals with profound deafness, in particular children, to
acquire speech understanding, language and social skills. Some benefits of binaural hearing
can be accomplished with bilateral cochlear implants. Individuals affected with bilateral
hearing loss implanted with sequentially cochlear implants benefit by having better speech
understanding, especially in noise, and better sound localization. It allows the first ear that
is implanted to preserve some of the benefits of binaural hearing somewhat avoiding the
effects of auditory deprivation on the unimplanted ear. Auditory function can be somewhat
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restored by use of a cochlear implant depending on age at implant and upon how much
auditory activity was available prior to implant.

9. Conclusion

Considerable progress has been made as a result of intensive cochlear implant research and
development over the last forty years by adapting electronic technology for use in a
physiological system. In doing so, the “world of hearing” have been opened to thousands of
individuals in many countries. Even though the benefits of cochlear implants are many there
is still progress to be made in addressing the extensive difficulties implant users have in
localization of sound sources and the ability to enjoy music.
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1. Introduction

Cochlear implants (Cls) in small children who do not yet have a firm footing in first
language acquisition are an on-going experiment with human subjects, in the sense that the
risks involved have not been properly identified, much less assessed, due to the failure to
focus on the biology of language and its role in first language acquisition. Too often, the
developmental cognitive milestones of the deaf child and the right to language are not
considered, and we risk contributing to cases of linguistic deprivation with all the ensuing
consequences. We propose an immediate remedy: to teach deaf children a sign language,
along with training in speech and speech-reading. For many families, such as those that live
far from a Deaf community, as in a rural situation, this presents practical problems, which
we address.

2. Background on the problem

Cls as a rehabilitative technology to remediate hearing loss were approved before present-
day information on the biology of first language acquisition was available. This mismatch of
timing has led to the present problem.

2.1 History of cochlear implants

Research on transforming auditory information into electrical impulses that might deliver
language to the brain began in the 1930s at the Military Academy in Leningrad, Russia.
“Stimulating electrodes were inserted into the middle ear of patients with and without
middle ear structures present” (Djourno et al., 1957, as cited in Eisen, 2000: 91). The
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disappointing results led to the rejection of the middle ear as the proper site of electrical
stimulation.

In the 1950s at the Head and Neck Surgery section of the I'Institut Prophylactique in Paris,
France, CIs were first developed, in which electrical stimulation was delivered to the auditory
nerve. The first implant surgery was performed in 1957. Success was limited. The patient could
only discriminate lower from higher frequency noises and could “appreciate environmental
noises and several words, but could not understand speech” (Eisen, 2000: 91). Around 1960,
American physicians attempted inserting gold wire electrodes through the skin, but local
infections made this method unfeasible. In 1964, an electrode was implanted into the modiolus
(the central axis of the cochlea) of a deaf patient at Stanford University Hospital. The potential
for such an implant to deliver language was reported as “discouraging” (Simmons, 1966, as
cited in Eisen, 2000: 92). Meanwhile, others elsewhere in California were implanting single
electrode devices. Over the next decade, the attitude of the medical world was cautionary, but
the concerns were about whether CIs would yield useful hearing. Importantly, the concerns
were not about whether a CI could harm a patient.

In 1975, the National Institutes of Health sponsored an evaluation of thirteen patients who
had been implanted with single-channel devices. They concluded that these devices “could
not support speech understanding” but did support speech skills such as voicing and
speech-reading, and these devices did enhance quality of life (Bilger, 1977, as cited in Eisen,
2000: 92). Immediately, testing began on a cat model in California, and other researchers in
both California and Melbourne, Australia, capitalized on advancements in computer
technology enabling them to miniaturize the various parts of the device. In 1972, the first
US. Food and Drug Administration-approved devices were implanted, and by the mid-
1980s 1000 individuals had been implanted. Of those first 1000 implant surgeries, several
hundred were on children; the age criterion for use of the device was subsequently lowered
from 18 years to 2 years old in 1980. In 1984, multiple channel devices (with multiple points
of excitation to the cochlear nerve) were developed, and by the next year, the Food and
Drug Administration approved their use in adults. In 1990, they extended their use to
children as young as 2 years old, although children had been receiving these multiple
channel devices in clinical trials since 1985 (Barnes, 1994). Since multiple channels
“significantly boosted speech recognition performance”, the push was to implant more
children at a younger age (Wilson et. al., 1991, as cited in Eisen, 2000: 92). Optimism rose,
and as one of the major pioneers in the development of Cls reported, “Limited open-set
word and sentence recognition is possible for at least some children, perhaps as many as
30%” (House, 1991: 718).

Over the next decade, the advent of universal newborn hearing loss screenings coupled with
studies showing that earlier implantation correlates to earlier development of auditory
recognition and speech comprehension (Waltzman & Roland, 2005; Yoshinaga-Itano et al.,
1998; Yoshinaga-Itano et al., 2000) resulted in more and more children being implanted at 12
months of age and even younger (Christensen & Leigh, 2002). By 2009 approximately 80% of
deaf children in developed countries were implanted, many before the age of 1 year old
(Brentari, 2010). In earlier days, if a child had better residual hearing in one ear, the ear with
lower residual hearing would be implanted, so that the child could continue to use
whatever residual hearing was available from the unimplanted ear (Brackmann et al., 2001).
These days, however, Cls have become so overwhelmingly the standard of care that many
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children are binaurally implanted, which results in loss of whatever residual hearing
benefits the unimplanted ear might offer (Snow & Wackym, 2008).

2.2 History of knowledge about first language acquisition

Multiple theories of language acquisition were in play in the decades before the 1990s. In
1967, Eric Lenneberg proposed that there was a language mechanism in the brain which
allowed humans to acquire language naturally, without instruction, by being exposed to it.
He further demonstrated that this mechanism changed over time, so that after a certain age
the human brain no longer had this capacity (Lenneberg, 1967). The brain is hard-wired to
acquire language, but the plasticity that allows this is lost early, around the age of five years
old. This “critical-age” or “critical-period” hypothesis has since been exposed to a great deal
of debate and testing. Discoveries of children who had grown up “wild”, without being
surrounded by human language (Shattuck, 1980), and discoveries of children who had been
criminally abused to the point of being deprived of language (Curtiss, 1977), gave support to
Lenneberg’s hypothesis. Likewise, studies of deaf people who did not receive accessible
language until after the critical period, either because they were denied hearing aids
(Curtiss, 1994; Grimshaw et al., 1998) or because they were denied sign language (Mayberry
& Eichen 1991; Newport, 1990), gave support to Lenneberg’s hypothesis. Still, there were
controversies over the biological nature of language.

However, with the advent of neuroimaging, there is even stronger evidence for a biological
foundation for language (Pakaluk & Neville, 2010; and the references cited there). Initially,
much of the work using neuroimaging was focused on language pathologies (Stemmer &
Whitaker, 2008), but over time linguists, particularly those interested in the development of
deaf children, have used it in studies of first language acquisition and of second language
learning (Meisel, 2011; and the references cited there).

2.3 Summation of the problem

We now possess evidence for the following point, which we didn’t know at the time that the
Food and Drug Administration, a governmental agency in the United States, and similar
governmental agencies in developed countries gave approval for the implantation of CIs in
children: if a person does not acquire language before the age of five, that person is greatly
at risk of not becoming fluent in any human language. Such a person is linguistically
deprived.

In the abstract, this knowledge does not necessarily pose a dilemma with respect to Cls. In
reality, however, some children who are implanted wind up linguistically deprived. Cls can
actually lead to a harm that the Food and Drug Administration in the United States as well
as governmental agencies in other countries were not aware existed at the time the devices
were approved. Not only does new evidence challenge the basis of the FDA’s approval, a
recent commission established by the FDA concluded that existing procedures for
implanted devices did not protect patients and recommended that these procedures be
dropped (Institute of Medicine, 2011). Recent recalls of implant devices due to technical
failures, such as the Sonova Holding AB's recall of its HiRes 90K device in 2010 and the
Cochlear Ltd.'s recall of its Nucleus C1500 implants in 2011, raise the likelihood of repeat
surgeries for implant recipients and cast further doubt on the wisdom of doing surgeries on
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infants and small children without a strong probability (not merely a possibility) of
linguistic success (Lower, 2011). We will now establish our claim that Cls pose risk of harm
to deaf infants and children.

3. Cochlear implants and linguistic deprivation

ClIs lead to linguistic deprivation in some instances. This is due to two facts. First, Cls as a stand-
alone technology do not provide accessible language. Second, health professionals typically
either advise against or do not encourage giving a sign language to an implanted child, thus
cutting them off from an accessible language during the years crucial to first language
acquisition. There is not enough education in fields related to medicine about sign language and
its role in language development. This leads to widespread misconceptions and
misinformation, and thus, poor advice to parents and practitioners.

3.1 Variable success of cochlear implants

While many studies have tried to assess the success of ClIs, it is difficult to know exactly
what these studies mean in terms of what a family with a deaf newborn or newly deafened
child can expect as they make decisions about language options. The first problem is that
these studies report highly variable success (Bouchard et al., 2008; Fink et al., 2007; Peterson
et al., 2010; Szagun, 2008), even in studies by enthusiastic promoters of Cls (such as Gulya et
al., 2010). One would hope to be able to compare studies, to glean whatever reliable
information they might offer to these families. However, many cannot be compared with
each other because they use different methodologies and test for different auditory
functions, some of which are only minimally related to language (Bouchard et al., 2008).
Further, the children tested are a heterogeneous group with respect to the age of onset of
hearing loss, the age of diagnosis of hearing loss, the age of implantation, the particular
device implanted, the particular surgical technique used, the amount and type of
rehabilitation after surgery, residual hearing in the unimplanted ear, socio-economic status
of the family, and other factors, all of which will affect outcomes (Santarelli et al., 2008). This
situation leaves families in a quandary as to what to do, and health professionals are unable
to advise families effectively. Indeed, parents who are face for the first time with raising a
child who is deaf are likely to report a higher level of stress and depressive symptomatology
(Kushalnagar et al., 2007), although the stress level is ameliorated by perceived support
from early intervention professionals or other parents who have deaf children (Hintermair,
2000; Lederberg & Goldbach, 2002; Meadow-Orlans, 1994).

In the next section, we make a strong recommendation about what families should do and
about what health professionals should advise them. Here, we focus attention on one
disturbing and sobering fact. While there is variability in the success rate and in standards
for what constitutes success, there is agreement that some children receive no discernible
auditory benefit from CIs. These children cannot distinguish speech sounds from
environmental sounds, and they cannot distinguish between environmental sounds. The
next group of children displaying more response to implants still do not gain linguistic
benefit, but can distinguish among environmental sounds (such as distinguishing between a
knock on a door and a fire alarm). The next group up gains only a minimal advantage in
speech, such as being able to distinguish the number of syllables in a speech stream but not
being able to distinguish words. We argue strenuously that this does not constitute
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linguistic benefit even if it involves speech units. The next group up can converse with
family members and close friends, using speech-reading and context in addition to the
auditory information that Cls provide. And the “stars,” a term used often in the literature
(e.g. David Pisoni), can converse with strangers, but they must use speech-reading and
context in addition to auditory information. The numbers of children in each of these five
groups is a point of controversy in the literature. A CI team (surgeon, psychologist, and
rehabilitation therapist) from Alfred I. duPont Hospital for Children in Wilmington,
Delaware, estimated that these groups were roughly equal in size (in a discussion at
Swarthmore College in 2006). Multiple studies demonstrate that children implanted earlier,
all other factors being equal, do better than children implanted later (O’'Reilly et al., 2008,
among many), hence the more recent practice of implanting children at twelve months or
even earlier. But even children implanted early have a highly variable range of success.
Additionally, initial gains in speech production and perception, as indicated through
performance in hearing settings, are not maintained as children progress in school
(Marschark et al., 2007). Websites of hospitals that perform CI surgery often report that they
have “high success” rates, and websites that promote CI surgery often report that the
“majority” of users are satisfied, but percentages are not given, and clear guidelines for
what counts as success are elusive. Further, most of the evidence cited by these websites
involve individuals who were implanted after the critical period. These websites do not give
reliable statistics on children who rely on CIs for first language acquisition. The aspirations
and expectations of deaf adults are quite different from those of a family who is considering
implanting a small child and relying on the implant for first language acquisition.

As scientists who read ClI literature and who are specialists in deaf matters, we suggest that
a conservative estimate of the number of children who do not get enough linguistic input
from CI usage to ensure acquisition of a first language is 20%, even assuming that the
overall record has improved in recent years. We suspect the real percentage of lack of
benefit is actually higher. In a study of more than 20,000 children implanted since 2000, 47 %
of them do not use their Cls (Watson & Gregory, 2005). Reported reasons for nonuse
included lack of language satisfaction in addition to other reasons such as severe pain from
the sounds and equipment, facial twitching, postsurgery scarring, and feelings of stigma.
The human drive to communicate with others is so strong that if these children had
actually found satisfaction in their linguistic abilities with the implants, we fully expect
that most would not have stopped using them. There is a dearth of information about the
experiences and language satisfactions of people with CIs (Valente, 2011), and those few
people who do step forward to detail their experience (such as Snoddon, 2005) may find
themselves the target of insult and ridicule for saying anything negative about Cls
(Valente, 2011). The public’s cultural belief in technology and its restorative powers make
it difficult for many to risk telling their stories.

While an educated estimate of the true benefit of Cls is nothing more than that, we note two
important facts. First, the burden should be on the promoters of Cls to provide reliable and
understandable figures regarding success. In the absence of such information, we have
stepped forward. Second, even if one argues that the failure rate is much lower, such as 5%,
taking the risk that 5% of small children who are implanted will not get accessible language
during the critical period and thus risk being linguistically deprived is unconscionable.

Many are unaware of this ethically problematic variability, or they dismiss it. Some people
are optimistic about what Cls can do for the deaf child now; Stuart Blume gives a
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particularly telling account of his struggle to make language choices for his deaf son and the
many positive things he was told about CIs being a “cure” for deafness, so much so that
failure to implant a deaf child was considered a denial of best medical care by some (Blume,
2009). Others are optimistic that additional studies will clarify the rate of success of Cls
(always in a context of consideration of multiple factors) so that families can make better
informed decisions (indeed, an upcoming issue of the International Journal of Otolaryngology
will be devoted to the “pearls and perils” of CIs). Still others suggest that the technology of
Cls is improving so drastically that soon they will be so effective that the issue will become
moot; on many websites we can read about Cls “curing” deafness, leading to a strong
counter-response from members of the Deaf community fearing that such aspirations will
lead to sign language becoming extinct and Deaf culture disappearing as Cls improve (a
typical, if distorted, discussion is in Young, 2002).

Many present researchers, like us, take a more sober view of what technological
improvements can accomplish. In describing advances up till now, Shannon et al. (2010: 369)
write, “... technological advances may be nearing the point of diminishing returns, given
the high costs involved and limited additional benefits they may provide. The next phase of
improvement in CI performance may come not from further development of the implant
hardware, but from understanding how implant speech processors may be more effectively
programmed and customized for individual patients, so that the capabilities that are already
available may be fully utilized.”

This statement bears close reading, for it focuses our attention on an important fact: Cls are not
computers. Computers sit on our desks and we instruct them what to do, and as technology
improves, we can tell them more and more things to do. CIs are a different kind of technology.
The implant device may add improvements but, unlike the processing power of a computer
that we all consider beneficial, an improved implant device is unlikely to make substantial
difference because the issue is getting the brain to interpret the input appropriately. Simply
put, ClIs do not hear. What they do is deliver electrical impulses directly to the cochlear nerve,
bypassing the ordinary hearing channels of the ear. But the brain, which is hard-wired to
receive auditory information that comes to us via the ear channels, is not hard-wired to
interpret the electrical impulses that ClIs deliver. That is why implanted people need
“rehabilitation” (actually, training) following CI surgery. That rehabilitation goes on for years
and years. In fact, long term users of Cls find that they must return to rehabilitation for a
brush-up every so often. Kisor (1990: 166), who is what we call a “star” CI user, when
describing what happens after his rehabilitative therapy, writes, “For more than a year,
sometimes two, strangers will [come to] understand what I say the first time I say it at our first
meeting, the benchmark by which I judge my speech.” This benchmark should shatter ideas
that functioning well in a hearing environment with a CI is easy. Many CI users cannot
achieve the level of performance Kisor describes. Importantly, many hearing aid users (and
non hearing aid users, for that matter) can surpass it, using an older technology.

The brain is complex, and hearing is complex. There is no reason to expect a quick and huge
rise in success of Cls from an advance in technology. In any case, we must deal with the
technology we presently have.

3.2 Strictly aural input

Many health care professionals advise against offering an implanted child a sign language
(Krausneker, 2008; Lane, 2005; Lane & Grodin, 1997; Zimmerman, 2009) and instead urge
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therapies using aural input only, such as verbal-auditory therapy (AVT, as in Estabrooks,
2006 and earlier, evaluated in Rhoades, 2006). Sign language is turned to as a last resort
when all else fails (Johnston, 2006). This view possibly derives from aural-oral only
proponents' belief that with cochlear implants the aural-oral approach is much more
effective then ever before and that sign language is not a place to expend valuable time and
energy for the child, parents, or therapists. This may also be due to the fear that sign
language use will interfere with oral language skills and/or that sign language is not
perceived as a bona fide language so it cannot give the child the rich cognitive input
necessary for language development.

The problem with this is that it still relies on a hope that the aural-oral environment and the
CI technology will provide the language development that is crucial to the child’s whole
future. It does not consider the risk that the CI will not enhance an already risky approach.

The fears about sign language are unfounded. Deaf children who sign gain advanced
language skills which they can then apply toward understanding spoken and written
language (Dockrell & Messer, 1999), which may be why, among deaf children, a factor that
correlates most reliably with good literacy skills is good signing abilities (Chamberlain &
Mayberry, 2008; Fischer, 1998; Hoffmeister, 2000; McGuinness, 2005; Strong & Prinz, 2000;
Wilbur, 2008; among many). Further, deaf children who sign identify themselves as being
more confident and happy than deaf children who do not sign (Plaza Pust & Morales Lépez,
2008; among many). In a recent quality of life study of 231 youths with mild to profound
hearing loss, youths who used speech only as their preferred mode of communication were
significantly more likely to report greater stigma associated to their hearing loss than youths
who used a combination of speech and sign language (Kushalnagar et al., 2011). A similar
conclusion was reported in a qualitative study of Australian children and adolescents with
Cls (Punch & Hyde, 2011). Repeatedly, we find in the literature that when deaf people
raised orally learn to sign as adults, they report unprecedented feelings of strong self esteem
and an end to the psychological distress of having to constantly struggle at communication
(Gao, 2007; Holte & Dinis, 2001; Restuccia, 2010). This suggests that the inclusion of sign
language ability in deaf children’s lives is beneficial and important for healthy development
and overall well-being.

With respect to the second fear, sign languages have been found definitively to be natural
human languages with all the complexity (including phonology, morphology, syntax,
semantics, pragmatics and discourse considerations) and expressive potential as spoken
languages (see a multitude of articles in many books (such as Brentari, 2010; Mathur &
Napoli, 2010) and linguistics journals, including Sign Language & Linguistics and Sign
Language Studies, particularly many on language acquisition (such as Chamberlain et al.,
2000; Meier & Newport, 1990; Morgan & Woll, 2002; Petitto & Marentette, 1991), language
processing (such as Emmorey, 2001), neurolinguistics (such as Neville, 1995; Poizner et al.,
1987), second language learning (such as Newport, 1990), and sign literature (such as
Sutton-Spence & Napoli, 2009)). The small child who, upon being diagnosed with a hearing
loss, is exposed to a sign language with frequency and regularity, where good models of the
language interact with the child, will acquire that language with full competency in all the
language areas that hearing children have competency in - simply in a different modality
(Schick et al., 2006).

In sum, there is no justification for advising children with Cls not to learn a sign language.
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3.3 Harm done by cochlear implants

Any surgery involves risks, and CI surgery is no exception, where complications include
infection, necrosis, injury during surgery to the facial nerve, post-surgical complications
such as vertigo, meningitis, cerebrospinal fluid leakage, perilymph fluid leak, and tinnitus
(Cohen & Roland, 2006; FDA, 2011; Steenerson et al., 2001; Walker, 2008). Further, residual
hearing in the implanted ear is lost with many apparati, a significant harm since hearing loss
is rarely total (Mogford, 1993), although new hybrid CIs stimulate only the basal end of the
cochlea where the high frequency hearing has deteriorated, preserving the residual low-
frequency hearing (Turner et al., 2007). Additionally, when the apparatus fails, a new
surgery with repeated risks is called for (Borkowski et al., 2002). These risks are discussed
elsewhere and we will not go into them further here since they are outside our focus.

Our focus is on language and cognitive development, an area where CI failure occurs in a
significant percentage of children. Regardless of the exact percentage, every study we know
of identifies failures and since this kind of failure is so destructive of the overall wellbeing of
the child, this is ethically unacceptable. The advice of many health professionals to keep
deaf children away from sign language compounds the problem. Since children are being
implanted earlier and earlier, and more are receiving binaural implants (Snow & Wackym,
2008; Tyler et al., 2010), those who are not learning sign language often receive far too little
linguistic input during the critical years of first language acquisition. We cannot put deaf
children at risk of linguistic deprivation or even language delay. Furthermore, linguistic
deprivation causes other disorders, since various cognitive functions depend upon first
language acquisition, including the organization of memory (Ronnberg, 2010) and the
manipulation of symbols (MacSweeney, 1998). Related are psychological harms; even the
child who manages minimally well with a CI can experience psychosocial problems, e.g.
identity issues, in the absence of sign language knowledge (Ramsey, 2000, among many).

Cls are an experiment with human subjects that is not protecting those subjects from a
foreseeable and irreversible harm. This harm has the potential to isolate them in a drastic
way from other people. Ethicists have presented the moral imperative to protect a child’s
right to an “open future” and to protect a child’s “potential autonomy” when arguing Deaf
parents should not have the right to genetically screen to ensure the birth of a deaf child; just
so, these same arguments apply exactly here: deliberately putting a child in a position where
she may have only limited options counts as a moral harm (Davis, 1997; Feinberg, 2007).
Implantation should not continue until there is agreement about pairing implants with sign
language in young children, and about the appropriate age for implantation beyond which
it poses no risk of harm to language acquisition or cognitive development.

4. The remedy: Sign language

Cls have allowed many to function better (and sometimes very well) in a hearing
environment, and being able to function in a hearing environment expands a deaf person’s
professional and personal opportunities. While we recognize this as an important part of the
deaf person’s life, the priority should be to ensure that the deaf child meets typical language
and cognitive development milestones, as we have discussed. This is a medical concern.
Without first language acquisition, children are at risk for language delay and associated
cognitive difficulties, both having negative impact on psycho-social health.
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Because of the initial failure to recognize the existence of the biological linguistic mechanism
and the import of the critical period to language acquisition, the CI experiment began and
gained momentum, so that it has been allowed to proceed without heed of some of the
ethical principles for medical research involving human subjects. The technology developed
faster than our understanding of first language acquisition. The result is that the linguistic
rights and the cognitive health of deaf children have not been protected. Many implanted
children fail to achieve fluency in receptive and expressive spoken language, and by the
time lack of competence is recognized in the child, the child is past the critical period. Thus
justice in human subjects research has not been ensured.

We offer an immediate remedy. Language is a human right. In order to protect that
biological, cognitive, and psycho-social right, every deaf child should be raised with
language that is completely accessible. Sign language is accessible to any deaf child (tactilely
to the child who is both deaf and blind). This remedy does not exclude oral/aural training,
however. Children with hearing aids and/or CI who do well at voicing and processing
information received aurally will then be bilingual - a positive outcome. Children with
hearing aids and/or CI who do not do well at voicing and processing information received
aurally will nevertheless be assured of language acquisition, which is a prerequisite to many
other cognitive activities like reading and which will assure them the right to participate in
human activities that go forward largely via language, including self-expression, making
friends, and fruitful employment. Given the present failure of CI to ensure fluency in a
spoken language, providing access to sign language is a conservative approach that protects
the right to language and is thus the morally just approach.

Raising a deaf child with a sign language when the parents are hearing calls for much
proactive behavior on the part of the family, and we urge health professionals to advise in
appropriate ways (which are discussed in Kushalnagar et al., 2010b, but which we outline in
the next two sections). It is the responsibility of health professionals to do this because
health professionals are the ones who families most often turn to first, given that they are
the ones who usually deliver the diagnosis of hearing loss. And it is the responsibility of
health professionals to do this particularly well and with utter thoroughness, since families
receiving the information that their newborn or young child is deaf are in a vulnerable state,
often of grief (Kurtzer-White & Luterman, 2003). Their lack of information about and
familiarity with deafness can mean they initially suffer, and in this way, they have much in
common with people experiencing illness. Hall & Schneider (2008) point out that sick people
are more vulnerable for a variety of reasons beyond the fact that they are in pain, including
the facts that they feel disabled and defeated by the illness; they are exhausted due to
dealing with the illness; their control over their bodies (or, in the case of parents, over their
child’s body) is eroded; they are baffled by the condition and wonder about its origin, its
trajectory, the uncertainty of everything; they are terrified of what they do not understand;
they are isolated from others because they are suddenly different. Add it all up and the
power of health professionals dealing with these families is huge; hence, their responsibility
to give accurate and appropriate information and advice is likewise huge. True, the law
gives families the right to make decisions about whether, when, and how to manage the
physical and social needs of their child in most instances, and this applies to the language
needs of deaf children (Ouelette, 2011), but the families rely heavily on consultation with
their health professionals.
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4.1 The ideal situation

In the ideal situation deaf children will be raised with sign language, regardless of their
speech-producing and speech-processing skills, so that they will be bilingual in the bimodal
sense (i.e. in both a sign language and a written language). All will have fluency and high
literacy in both a sign language and a written language, and those who gain good speech
skills will be bilingual and highly literate in both a sign language and a spoken/written
language. Bilingualism is an added enormous benefit, since it has many cognitive
advantages for everyone, including deaf people (Kushalnagar et al.,, 2010a). In developed
countries (and in many underdeveloped countries), we have embraced the idea that our
children should know more than one language. More and more elementary schools offer a
second language, most middle schools do, and both high schools and colleges have foreign
language requirements. Further, it has become popular in many countries to teach hearing
babies some sign language, to further their expressive abilities. Given all this, it is difficult to
understand how anyone could advise against offering deaf children sign language.

Health professionals can help to achieve this ideal situation by properly advising the
families of deaf children about the biological nature of first language acquisition and by
urging them to consult with experts in deaf matters (NAD, 2000). There are several
recommendations they should make. First, the family of the deaf child needs to learn sign
language; a deaf child whose hearing parents and siblings, particularly hearing mothers,
sign with them demonstrate language expressiveness and theory of mind on a par with
hearing children of the same age. (Schick et al. 2007; Spencer, 1993). But family is not
enough. The deaf child needs to be brought into contact with a community of deaf signers so
as to be exposed to good models of signing on a regular and frequent basis. The family
should be in contact with signing community support groups in order to stay informed and
be active in deaf issues and events: deaf advocacy groups, local deaf and hard of hearing
community centers, and local and/or state deaf services bureaus. The family must advocate
for their child’s needs at school, including asking for an interpreter when necessary and
whatever special aids or considerations are appropriate with respect to the instruction being
given. And most of all, the family needs to affiliate and be active with parents of deaf
children support groups, playgroups, and otherwise form friendships and provide visitation
for themselves and their deaf child with other deaf parents and children. All of these
activities have been reported to contribute to positive quality of life for deaf children.

Parents need to involve themselves in ways that help them develop clearer understanding
of their deaf child. One of the greatest dangers to the emotional development of a young
deaf child occurs when the parents (or one of them) do not understand the child’s situation
properly or project fear, concern, or other kinds of emotional distress into their relationship
with the child or even into the larger environment of their child (Leigh, 2009; Marschark,
1997, 2009). Parents should be alerted to and helped to avoid the negativity of the “hearing
impaired” discourse so rife among medical professionals and special educators. They
should be encouraged to develop strong relationships with deaf people themselves as soon
as possible and to get involved with the rich social and cultural lives of this community.

The advent of a deaf child into a family is a gateway to a new language and a rich culture.
Families need to become informed, and there are good works out there to help, like Bauman
(2008); Bauman & Murray (2009); Lane et al. (1996); Marschark (2009); Marschark et al.
(2010a, 2010b); and Padden & Humpbhries (2005), all of which give substantial references.



Cochlear Implants and the Right to Language: Ethical
Considerations, the Ideal Situation, and Practical Measures Toward Reaching the Ideal 203

4.2 The less than ideal situation

While what we have described in the last section is the ideal situation that a family should
strive for, practical factors may inhibit achieving such a situation. In particular, the family of
a deaf child may not have easy access to a signing community or perhaps even to an isolated
signer. Rural families, in particular, may feel betrayed by advice to learn sign language. A
family in this situation has little choice but to become more active in their child’s proper
development. There are a number of strategies that the family can adopt to maximize the
potential for the child to acquire a first language, and there are websites to help (Enabling
Education Network, n.d.).

First, the family must try to learn a sign language in the best way possible. It may require
some driving time, but sign language classes are increasingly more popular and
widespread. There are literally thousands of schools, colleges, or community centers
offering courses today in many developed countries. And if the local community is small,
the family can enlist the whole community in the effort to learn a sign language and to
communicate with the deaf child in that sign language. Spiritual leaders (ministers, rabbis,
etc.) can play a guiding role here, helping the community to understand both what it has to
offer the deaf child and what the deaf child has to offer the community (Blankmeyer-Burke
et al,, 2011). A community might want to advertise for and hire a sign language teacher to
come stay in their community for a prolonged period of time, teaching everyone who is
willing to learn. There are also multiple online sites and DVDs to help someone learn a sign
language (see the website of DawnSignPress in the United States or ForestBooks in the
United Kingdom, for example).

Second, the family should find out about camps for deaf children, where their child can
play with other deaf children and interact with adults who use a sign language as their
most comfortable language (or among their most comfortable languages) and identify
themselves as Deaf (that is, part of Deaf culture) or as very knowledgeable of Deaf culture
(in the USA: Laurent Clerc National Deaf Education Center, n.d.). Many such camps exist:
in the United States they are scattered across the states; in Germany the German Deaf
Youth Association annually organizes camps for Deaf children and Deaf Youth. Some
have scholarships available. Some are for the entire family (in the USA: Raising Deaf Kids,
n.d.; in Canada: Deaf Children’s Society of BC, n.d.; in Germany: Bundeselternverband
gehorloser Kinder e.V., n.d.).

Third, the family must be resourceful. The family could start a sign language class with
parents and children who are not deaf. Many hearing families are now encouraged about
their hearing children learning to sign and communicating with them. If a parent can
manage to learn enough sign language to get ahead of the others in the class, that parent can
lead the class, along with the deaf child. Having others sign to the deaf child is important. If
the family has relatives in a city with a thriving Deaf community arranging to spend time
there, as hard as it may be on the family, may be the sacrifice that makes the world of
difference to the child’s development. The family might want to get online (using current
video technology: Skype, iChat, gChat, ooVoo, etc.) with someone who knows many people
in the Deaf community (perhaps a professor at a Deaf Studies program at some university or
someone who works in a Deaf and Hearing Community Center in some urban area) and see
if a Deaf family might like to come visit them for an extended period. The deaf child in one’s
home makes the home eligible to obtain a videophone setup from a video relay service or
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from welfare agencies. With this setup, the family can call directly via video to deaf people
who they meet and form a stronger relationship. Sign language tutoring via VP
(videophone) might even be arranged. Just social chatting via video with deaf people, other
parents, advisors, etc. can help greatly. When the deaf child is old enough, he/she can use
the videophone as well. This is a normal aspect of life among deaf people now and needs to
be the same for the deaf child in any home as well as for the parents of that child.

If the family has opportunities to live in an urban area which has a Deaf community, now
might be the time to realize those opportunities. While this may feel drastic, it was not too
long ago that families with deaf children often moved to where there were schools for the
deaf, so that their children could receive an education (Sacks, 1989).

4.3 The close-to-untenable situation

Another serious impediment to the ideal situation is posed by socioeconomic factors which are
often unalterable. A family may not have the educational background to take on such
proactive behavior or may not have the financial resources to do so; the family may not have
the education or technological literacy needed to access and use the information available on
sign language, and online access and webcam may not be available. Further, a family’s home
language may complicate the situation in ways that make the suggestions above infeasible
(such as a Hmong family in Minnesota). Likewise, limited educational achievement may limit
a family's ability to overcome cultural biases and learn another language, particularly one in a
different modality. These are huge challenges, but if health professionals take a strong guiding
role, they may not be insurmountable. People in these situations are already marginalized. If
we allow the infeasibility of providing access to a sign language to stop us from making efforts
in these situations, those children who do not find accessible language via an implant will be
marginalized much further. The efforts might have to be extraordinary, but the damage risked
by not making these efforts is also extraordinary.

4.4 The role of health professionals in achieving the ideal situation

A recent study by the United States Government Accountability Office (2011) concludes that
parents of deaf children are ill-advised when it comes to matters of language and
educational options. Families need to understand the crucial importance of first language
acquisition for their children so that they can, in fact, be as resourceful as possible. And
health professionals must help them understand. Both health professionals and families
need to be very careful not to give in to low expectations as far as language and cognitive
development are concerned. Deaf people, both as individuals, and as a social group, have
been severely damaged by a history of expecting language delay and cognitive delay
(Gregory, 1995; Gregory et al., 1995). This ideology of low expectation is unacceptable. There
is no reason for it. With a signing environment and rich social world for the child, delayed
development will not happen. Without sign language, there is a significant risk that it will.
Equally important, however, is the fact that rosy scenarios of hopefulness from health
professionals who ignore clear indications of language and cognitive development delay are
not acceptable either. Parents need to know, via appropriate and whole-child assessment, if
their child is developing well. Assessment focused exclusively on speech and auditory
development, for example, is inadequate to measure overall language and cognitive
development and cannot be equated with it.
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5. The future

Presently many deaf implanted children do not feel at ease communicating in a hearing
environment, and many do not succeed at it to the point where they can converse
comfortably with strangers or even in a group of same-age peers. Further, a significant
number simply do not thrive linguistically in a strictly aural/oral environment. We cannot
look exclusively at the successful implanted children, who typically have a family that is
economically and educationally able to provide them support in their rehabilitation and
who have reliable ongoing rehabilitation. Many children are not in that situation, and even
some who are in that situation do not experience success with respect to solid first language
acquisition. We also cannot count on improvements in CI technology to ameliorate the social
situation, language delay or the cognitive risk. What we need right now is studies of the
most successful CI users. We need to understand what makes them stars that go beyond
basic speech recognition and production. We must find out whether matters that we can
easily control are most pertinent, such as surgical technique (Meshik et al., 2010). In the
same vein, we must determine whether some methods of “rehabilitation” yield much better
results than others. Then we must figure out whether some other factors are the keys. It is
imperative to find out whether there are, in fact, predictable correlates to success and, if
feasible, strive to ensure those correlates for all implanted children.

We need also to devise new protocols for young children with implants and evaluate them.
For example, a protocol that calls for the parents and child to begin using a sign language
from birth or as soon as possible after hearing-loss is detected, and well before the surgery,
and continuing to use that sign language after the surgery, is supported by the research we
have now. Such a protocol or other similar protocols is critically important for all implanted
children, and it is the most conservative approach to protect the right to language for those
children who receive little to no language input from the implant. We need a protocol that
includes robust and frequent authentic assessments of the child’s development (authentic in
that it assesses language (not simply speech), communication, and literacy development)
and monitors this development through a running record over time.

6. Conclusion

In order to ensure the typical cognitive development milestones, and hence the psycho-
social health, of deaf children, we must make sure they acquire a first language. Since a sign
language is the only type of language guaranteed to be accessible to deaf children, we must
make sure they acquire a sign language. With a sign language, a deaf child who is
implanted has the best chance at being cognitively healthy and of becoming bimodally-
bilingual. It is well-recognized that bilingualism is positive for all people, children included.
Around the world, educational systems require study of a second language before a child
can graduate at the secondary level. Bilingualism can only be beneficial to the deaf child, as
well. The acquisition of sign language provides a medical safety net for all deaf children. We
simply cannot wait to see who does not thrive with an implant before offering sign
language; for the child who does not thrive, the best result of such waiting is language
delay, itself quite problematic, and the worst result is linguistic deprivation, a calamity.

It is the responsibility and obligation of health professionals to guide families of deaf
newborns and newly deafened children toward choosing to raise their child with a sign
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language. If that is done, the harm that we presently see in some implanted deaf children
who are raised without sign language experience will become a regret of the past.
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1. Introduction

With the implementation of newborn hearing screening programs, permanent congenital
hearing loss is typically diagnosed in babies within six weeks of age (JCIH, 2007). Many
hearing screening programs use a two-stage transient-evoked otoacoustic emissions
(TEOAES) screen because of the ease-of-use and time- and cost-effectiveness (Hayes, 2003).
Because infants are unable to provide reliable behavioural responses to sound stimuli,
hearing thresholds are estimated using the auditory brainstem response (ABR), a measure of
synchronous neural activity that correlates well with behavioural thresholds in infants with
normal hearing and conductive and sensorineural hearing loss (Hyde et al.,, 1990). As a
result, early intervention is targeted, resulting in spoken language development that is
similar to normally hearing peers and significantly better than later identified peers,
irrespective of the magnitude of loss (Yoshinaga-Itano et al., 1998).

On the other hand, Auditory Neuropathy Spectrum Disorder (ANSD) describes a unique
type of permanent hearing loss that is not identified with newborn hearing screening
programs that utilise otoacoustic emissions (OAEs) as a first-line screen, unless the
impairment is detected through alternative risk-based screening programs (which occurs for
individuals with additional and/or associated neonatal problems such as anoxia and
hyperbilirubinemia; Rance et al., 2002). ANSD is characterised by significantly disordered
auditory afferent neural conduction with preservation of cochlear outer hair cell function
(Starr et al., 1996), based on clinical findings of normal OAEs and/or cochlear microphonic
(CM) potentials with the absence or marked abnormality of the ABR. Despite poor afferent
responses, individuals with ANSD have pure tone thresholds that may vary from normal to
profound hearing loss in a variety of audiometric configurations (Starr et al., 2000).
Therefore OAE screening would inaccurately “pass” these individuals and, while ABR
screening would detect them, diagnostic ABR testing would not provide an accurate
estimate of hearing thresholds.
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The estimation of hearing thresholds in infancy is only one of the challenges that are faced in
selecting the most appropriate intervention pathways and hearing devices for these
individuals. Unlike standard sensorineural hearing losses which show impaired spectral
processing, largely resulting from the loss of outer hair cells (OHCs), individuals with
ANSD show distinct deficits in auditory temporal processing. Presumably, this results from
the disordered or temporally jittered neural activity. This is the ability of the auditory
system to detect and analyze temporal cues within an acoustic signal that occur within
milliseconds (Green, 1971). Auditory temporal processing plays an important role in the
development of speech perception, language and reading skills in all children and it has
been speculated that this underpins most auditory processing capabilities (Benasich & Tallal,
2002; Musiek, 2003). Both fast (20-40Hz) and slow (<2-16Hz) temporal processing is needed
to: (i) detect and resolve relevant phonetic sounds and the speech envelope within
segregated speech; and (ii) extract speech sounds from noisy environments, where it is the
perception of the sound onset that is most critical to detect speech-in-noise (Drullman et al.
1994a,b; Kaplan-Neeman et al., 2006; Shannon et al., 1995). Rapid temporal processing
abilities are important for the development of phonological awareness (Nittrouer, 1999),
which is significantly correlated with language and reading ability in children (Stark &
Tallal, 1979; Benasich & Tallal, 2002; Catts et al., 2002), although not exclusively related
(Bretherton & Holmes, 2003). In particular, this is highlighted in many cases of dyslexia and
specific language impairment (SLI) which show impaired temporal processing abilities
compared with children with normal language and reading development (Farmer & Klein,
1995). However the temporal processing deficits in individuals with dyslexia and SLI appear
less severe in comparison with most individuals with ANSD (see Figure 1).

2. Temporal processing & speech perception

Psychoacoustic measures in adults and children with ANSD show impairments of pitch
discrimination (particularly at lower frequencies), temporal integration, gap detection,
temporal modulation detection, backward and forward masking, perception of speech-in-
noise and sound localization using inter-aural time differences (Rance et al., 2004; Starr et al.,
1996; Zeng et al., 1999; Zeng et al., 2005). It is assumed that these deficits are caused by the
disrupted temporal perception. Several studies have demonstrated that the magnitude of
the disruption of temporal processing in individuals with ANSD varies considerably and it
is this which determines speech perception outcomes, rather than hearing thresholds per se
(Rance et al., 2004; Zeng et al., 1999, 2005; Kumar & Jayaram, 2005). Using amplitude
modulated-broadband noise with varying modulation depths at three frequencies (10, 50
and 150 Hz), Rance and colleagues (2004) compared differences in temporal processing
abilities between three populations of children; normal hearing (n=10), ANSD (n=14) and
sensorineural hearing loss (n=10) and compared this with speech perception outcomes using
Consonant-Nucleus-Consonant (CNC) words. The latter two groups with hearing loss
showed pure tone thresholds within a mild-moderate range. While no difference existed in
temporal processing abilities for individuals with normal hearing and sensorineural hearing
loss, significant differences existed between these populations and children with ANSD.
When the ANSD population was stratified into good (=30% phoneme recognition; n=7) and
poor performers (<30% phoneme recognition; n=7), the disruption was only mild for those
with good speech perception scores, and disruptions to low frequency modulations (10 Hz)
only occurred in those with very poor speech discrimination. Similar outcomes have been
demonstrated by Zeng et al. (2005) who examined temporal modulation detection as a
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Fig. 1. Thresholds of gap detection for adults with ANSD (black circles; from Michalewski et
al., 2005) and children with dyslexia (grey circles; from Van Ingelghem et al., 2001)
compared to adults and children (120-144 months) without ANSD or dyslexia (dashed line).

function of modulation frequency (ranging from 2-2000 Hz) in 16 ANSD adult participants,
with hearing thresholds varying from normal to severe. Additionally, Kumar and Jayaram
(2005) evaluated temporal modulation detection abilities at six modulation frequencies, (4,
16, 32, 64, 128 and 200 Hz), in 14 adult ANSD participants and compared the results with 30
normally hearing participants, matched by age and gender. Results were stratified by
speech perception abilities and demonstrated that ANSD participants who had speech
perception scores of greater than 50% showed greater sensitivity to the temporal
modulations when compared to those who had speech perception scores of less than 20%.
While the results from Rance et al. (2004) indicate that those individuals with good speech
perception scores show good temporal processing at low-frequency rates of modulation (10
Hz), Kumar and Jayaram'’s (2005) study showed poor temporal processing at all frequencies
for adults with good (>50%) and poor (>20%) speech perception scores using open-set
Kannada words. Nonetheless, if averaged, temporal resolution scores for all ANSD
participants seemed to be similar at 10 Hz for all three studies discussed above, of an
approximate -10 dB detection threshold. In contrast to temporal modulation detection, gap
detection thresholds (psychoacoustic measure of temporal resolution) are consistently
impaired in individuals with ANSD. While normal-hearing listeners require 2-3 ms at
supra-threshold levels (40-50 dB SPL) to detect a brief gap in noise, ANSD individuals
require 20-28 ms (Starr et al., 1996; Zeng et al., 1999; Zeng et al., 2005).

In any case, for individuals with ANSD, it seems that it is the temporal processing ability
that is paramount to the development of speech and language and, therefore, the success of
hearing aid fitting, rather than pure tone thresholds per se. While objective measures of
temporal processing are beginning to emerge in the literature, these are clearly needed to
guide timely decisions about device fitting, particularly in view of the critical period of
language development.
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3. Cochlear implantation and site-of-lesion

It is clear that early detection of hearing loss minimises the longer-term consequences of
auditory deprivation on speech perception, language and socio-emotional development
(Geers, 2006; Moog & Geers 2010; Moog, Geers Gustus & Brenner, 2011). For individuals
with severe to profound sensorineural hearing loss, cochlear implantation is commonly part
of an effective intervention program, providing greater access to speech than conventional
hearing aids. Earlier implantation as well as early educational placement and / or intensive
habilitation facilitates more rapid and extensive language development as well as improved
speech perception and production (Hayes et al., 2009; Nicholas & Geers, 2007; Svirsky et al.,
2004; Tomblin, et al., 2005). Animal models of sound deprivation highlight the extent of
anatomical changes that can occur within the auditory pathways and cortex with congenital
hearing loss (Fallon et al., 2008). However, the effects of early implantation appear to
facilitate normal synaptic and cortical development through restored sound input (Kral et
al.,, 2001, 2002; O’Neill et al., 2010; Ryugo et al., 2005). Kral and Eggermont (2007) suggest
that the sensitive period for language learning in children with pre-lingual hearing loss
fitted with a cochlear implant correlates with the age of significant reduction in synaptic
density in normally hearing subjects (4-5 years of age). This is consistent with
electrophysiological data from Sharma and colleagues (2002a&b; 2005, 2009) who show that
later implanted children (over 7 years of age) show significant and sustained delays in the
latency of the P1 peak of the cortical auditory evoked potential (CAEP). On the other hand,
delays in the P1 peak of earlier implanted children (under 3.5 years of age) are resolved
within 6-8 months after implant surgery. It is assumed, therefore, that the comparatively
better functional outcomes from earlier implantation partly result from greater synaptic
development and maturity occurring within the critical period (Hammes et al., 2002;
Harrison et al., 2005). While early identification and intervention are also important for
children with ANSD, identifying who will benefit from cochlear implants and deciding when
to implant is more challenging than for individuals with sensorineural hearing loss.

The term “auditory neuropathy” was initially used to describe this disorder, consistent with
the findings from a longitudinal study of 10 individuals, 8 of which later developed
concomitant peripheral neuropathies (Starr et al., 1996). In this case, it was assumed that the
lesion existed at the auditory nerve resulting from demyelination of peripheral neurons.
However, subsequent studies have shown that proportionally large numbers of individuals
diagnosed with ANSD do not develop additional neuropathies and good functional
outcomes have been reported in many cases after cochlear implantation (Mason et al., 2003;
Gibson & Sanli, 2007; Shannon et al., 2001), which suggest that the lesion is pre-neural.
Therefore the term has been widely contested because of the potentially negative impact this
might hold for clinical decision-making, such as cochlear implantation (that is, this may be
considered a deterrent for implantation). While other terms including auditory dys-
synchrony (Berlin et al., 2001) were suggested as alternatives, the physiological mechanisms
underpinning this disorder are unclear and are likely to be many. Certainly genetic,
electrophysiological and imaging data show that multiple sites of lesion can exist (Cacace &
Pinheiro, 2011; Manchaiah et al.,, 2010; Santarelli, 2010; Varga et al., 2003) and this is
supported by the variability in objective measurements, such as electrically-evoked ABR
(EABR), after cochlear implantation (McMahon et al., 2008; Shallop et al, 2001). To
encompass the breadth of different lesions (whether synaptic, neural or brainstem) that
could lead to the clinical classification of this disorder and the wide range of functional
outcomes, an alternative term “auditory neuropathy spectrum disorder”, or ANSD, was
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proposed at the International Conference of Newborn Hearing Screening (Como, 2008),
although this term also has little prognostic information about functional outcomes within
this population. Broadening the term may also lead to greater inclusion of identifiable
lesions of the auditory nerve, such as cochlear nerve deficiency (CND; Buchman et al., 2006),
or hereditary conditions of known late-onset auditory neural demyelination, such as
Freidreich’s Ataxia (Rance et al., 2008) and Charcot-Marie Tooth disease, which will
certainly have poorer outcomes with cochlear implantation (Madden et al., 2002; Song et al
2010) than the population of ANSD without known neural lesions.

Various studies have shown that the prevalence of this disorder ranges from 0.23-24% in the
at-risk neonatal population (Rance et al., 1999; Berg et al., 2005) to 5.1-15% of children with
sensorineural hearing loss (Madden et al., 2002b; McFadden et al., 2002). While many cases
of ANSD occur with infectious diseases, perinatal and postnatal insults and genetic
disruptions (Madden et al., 2002), some have no co-morbid medical problems or familial
hearing loss. Common medical insults assumed to cause ANSD include
hyperbilirubinaemia (which may account for up to 48.8% of cases; Berlin et al., 2010) and/or
perinatal anoxia, prematurity and low birth-weight (Berlin et al., 2010; Beutner, et al., 2007;
Salujaet al., 2010). Each of these can have widespread effects on the auditory system as well
as other neurodevelopment consequences, including cerebral palsy and cognitive or
neurodevelopmental delay (Johnson & Bhutani, 2011; Schlapbach et al., 2011). Additionally,
some infants diagnosed with ANSD within this high-risk category show full or partial
recovery of ABR waveforms within 12 months of diagnosis or following medical
intervention (such as exchange transfusion), which indicates that some cases of ANSD may
be due to neuromaturational delay or reversible transient brainstem encephalopathy (Amin
et al., 1991; Krumholz et al., 1985; Granziani et al., 1967). While ANSD can be detected early
through newborn hearing screening programs or through targeted screening of the “at-risk”
populations in the NICU, no uniform management plan exists because of the variability in
hearing thresholds, temporal processing abilities and sites-of-lesion that cannot be measured
using behavioural tests at that age. Early intervention and fitting of hearing aids,
particularly high-powered aids, or cochlear implants is considered, with caution, to avoid
permanently damaging normally functioning outer hair cells and neural structures, that
may be immature rather than permanently disordered (Maddon et al., 2002a,b). As many
individuals with ANSD show hearing thresholds within a normal to moderate range (Starr
et al., 2000; Berlin et al., 2010), it is clear that neural information is being transmitted to the
auditory cortex. However, the sound quality of the auditory input is variable amongst this
population, with speech discrimination scores disproportionate to the pure tone audiogram
(Rance et al., 2002), and often significantly poorer in noisy environments (Starr et al., 1996).

Hyperbilirubinaemia describes the high concentrations of unconjugated bilirubin that can
occur in the newborn, which is a neurotoxin that can cause irreversible neurological
damage, including auditory, motor and ocular movement impairments (Shapiro & Popelka,
2011). The Gunn rat pup provides a model of the effects of kernicterus in the neonate.
Electrophysiological and anatomical studies have shown that severe cases of kernicterus in
the Gunn rat lead to disruption of the auditory pathway from the cochlear nucleus to the
higher auditory brainstem, including the inferior colliculus (Uziel et al., 1983). While both
inner and outer hair cells appear to be spared by high levels of bilirubin, the spiral ganglion
cells of auditory neurones can be disrupted (Shapiro, 2005), indicating a neuronal cause of
ANSD. Improvements in auditory brainstem responses in infants with hyperbilirubinemia,
particularly after exchange transfusions, have been noted by a number of authors (Deliac et
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al., 1990; Perlman et al., 1983; Rhee et al., 1999; Roberts et al., 1982). Rhee and colleagues
(1999) evaluated TEOAEs and ABR responses in 11 neonates after exchange transfusions for
hyperbilirubinemia. All infants showed normal OAE responses but 3 showed absent ABR
responses to clicks at stimulus levels of 90dBnHL and, within 12 months of follow-up 1
showed significant improvements in hearing thresholds, estimated using ABR.

Prematurity is identified as another major cause of ANSD. However, it is likely that it is not
the prematurity per se that underpins the damage to the auditory system but associated
conditions of low-birth weight, hypoxia from respiratory failure, hyperbilirubinemia,
presence of fetal pathology (infection or retarded intrauterine growth) or perinatal
pathology, or ototoxicity from antibiotics given for hyaline membrane disease (Ferber-Viart
et al., 1996). Extremely low birth-weight infants are at risk of developing ANSD (Xoinis et
al., 2007). A retrospective study by Xoinis and colleagues (2007) showed that the prevalence
of ANSD was 5.6/1000 in the NICU (n=24) compared with 16.7/1000 infants with
sensorineural hearing loss (n=71). They identified that infants with ANSD were born more
prematurely (mean gestational age 28.3+4.8 weeks compared with 32.9+5.2 weeks of SNHL
infants) and showed significantly lower birth weights (mean 1.318+0.89 kg compared with
1.968+1.00 kg of those with SNHL). Psarommatis and colleagues (2006) retrospectively
reviewed medical records of 1150 NICU neonates and identified 25 infants with ANSD. Of
these, 20 were re-examined at approximately 5 months of age and 12 showed full recovery
of the ABR with 1 infant showing partial recovery (with click ABR thresholds measured to
50dBnHL). A significant difference in mean birth-weight and gestational age (GA) was
found between infants who recovered (BW= 1.89+0.90 kg and GA= 32.9+1.1 weeks) and
those who showed no recovery (BW= 3.0£0.66 kg and GA= 36.4+1.25 weeks), suggesting
that those born more prematurely and with lower birth weight may be more at risk of
delayed neuromaturational development rather than ANSD. Amatuzzi and colleagues
(2001) evaluated the temporal bones of 15 non-surviving NICU infants, 12 who failed the
ABR screen bilaterally and 2 who passed bilaterally. Of those who failed, 3 infants (all born
prematurely) showed bilateral selective inner hair cell loss whereas both infants who passed
the ABR screen showed no cochlear histopathologic abnormalities. This may suggest that
pathologies related to prematurity are more likely to target inner hair cells than neural
elements, making these individuals good candidates for cochlear implantation.

Two large-scale studies of individuals with ANSD both conducted in 2010 by Teagle et al.
(n=140) and Berlin et al. (n=260) have provided the most comprehensive information to date
about the etiologies of ANSD and outcomes of individuals fitted with hearing aids and / or
cochlear implants. Berlin and colleagues reported that only 11 of 94 individuals who used
hearing aids showed good speech and language development. 60% of the 258 subjects
reported had pure tone thresholds characterised as being between normal to moderate-severe
(within a very aidable range) and the remaining 40% had thresholds described as either
moderate-profound, severe, severe-profound or profound, presumably fitting within the more
typical range of CI candidacy. On the other hand, 85% of those fitted with a CI showed
successful outcomes (evaluated by parent and teacher report) and 8% were too young to
conclude this. Teagle and colleagues reported that of the 52 individuals with ANSD who were
implanted, 50% demonstrated open-set speech perception abilities, although 30% were not
tested because of their young actual or developmental age and individuals identified with
CND showed 0% open-set speech perception scores. Therefore it is clear that ANSD is
heterogeneous in cochlear implantation outcomes, possibly partly related to the high incidence
of co-morbidity and multiple disabilities as well as differences in the site-of-lesion.
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4. Role of evoked potentials in decision-making

Given the variability in the magnitude of temporal processing disruption and in the sites-of-
lesion in ANSD, which is important for CI outcomes, the focus of our research has been in
the development and/or evaluation of objective measures to better quantify temporal
processing ability (Al-megbel & McMahon, 2011) and identify the site-of-lesion (McMahon
et al.,, 2008) in ANSD. Cortical auditory evoked potentials (CAEPs) have been shown to be
important in the measurement of temporal processing ability because they are less reliant on
rapid neural timing than the auditory brainstem responses. Rance and colleagues (2002)
were the first to show that the presence of CAEPs in ANSD with a mild to moderate hearing
loss correlated well with good aided speech perception outcomes. In this study, 8 of 15
children showed good aided functional outcomes, identified as >30% correctly identified
phoneme scores using Phonetically-Balanced Kindergarten Words, and each of these
showed present CAEP waveforms to either a pure tone (440Hz for 200ms) and/or a
synthesised speech token (/daed/) presented at a comfortable level using headphones or
insert earphones. The remaining 7 children who showed poor aided speech perception
results also showed absent CAEP waveforms to either the pure-tone or speech stimuli. This
important finding highlighted the role of evoked potentials in guiding management
decisions in this population. Michalewski and colleagues (2005) used CAEPs measured with
an active and passive gap-in-noise paradigm to determine temporal processing acuity in 14
adults with ANSD. They obtained CAEP responses from 11 subjects, with active responses
measured in all 11 subjects but passive responses in only 7 subjects. No response was
measured for 3 individuals who showed profound hearing loss. In 7 subjects who showed
present passive responses to gap detection, good correlations were found between
psychoacoustic and objective CAEP measures of gap detection. In 3 of 4 subjects with only
active responses, a good correlation was also found. This unexpected appearance of the
CAEP in response to attention may shed some light into the role of attention in the
synchronisation of responses in some individuals with ANSD.

Subsequently, our retrospective study (McMahon et al., 2008) showed that the frequency-
specific electrocochleographic waveforms, measured from the round-window of 14
implanted children with ANSD with severe-profound hearing loss, correlated well with the
EABR measured immediately after implantation. This supports the use of frequency-specific
electrocochleography (ECochG) in enabling better delineation of site-of-lesion.
Electrocochleography is a useful tool in the identification of cochlear lesions because it
enables more accurate recording of the summed extracellular currents from cochlear hair
cells (the cochlear microphonic, CM; Figure 2A in the guinea-pig and Figure 2E in the
human, and summating potential, SP; Figure 2B in the guinea-pig and Figure 2G in the
human), the excitatory post-synaptic currents (known as the dendritic potential, DP) arising
from the primary afferent dendrites, the terminal endings of the primary afferent neurones
that synapse with the inner hair cells (Figure 2C), and the compound action potential (CAP)
from the primary afferent neurones which is described by three dominant peaks, labelled
Ny, P; and N, (Figure 2D; see Sellick et al., 2003 for a review). Because there is a cascade of
events that leads to the generation of an action potential (see Fuchs, 2005 for a review), the
presence or absence of these potentials can indicate where a lesion is located. That is,
depolarisation of inner hair cells leads to the opening of L-type calcium channels in the
basolateral wall of these cells and, ultimately, the mobilisation and release of
neurotransmitter from the base of these cells. This process involving the gene otoferlin that
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is implicated in some types of ANSD (Roux et al., 2006). Neurotransmitter diffuses across
the synaptic cleft and binds to the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPA) channels on the dendrite which allows an influx of positive ions,
generating an excitatory post-synaptic potential (EPSP) inside

Frequency-specific electrocochleography
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Fig. 2. Using a round-window electrode, local hair cell, dendritic and neural potentials can
be measured using frequency-specific electrocochleography in the anaesthestised guinea pig
(A-D) or human (E-F). A single polarity low-frequency tone-burst clearly shows the cochlear
microphonic (CM) waveform (A&E). A high-frequency alternating polarity tone-burst is
used to elicit the summating potential (SP; B&F), dendritic potential (DP; C) and compound
action potential (CAP; D). The presence of the CAP obscures the DP, which is only observed
in pathological cases such as ANSD in human. Note that the differences observed between
the guinea-pig and human CM and SP are largely because of the different stimulus-
frequencies and time-scales used to elicit and display the response.
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the dendrite. If this voltage is large enough, it will trigger an action potential, which is often
considered an all-or-none event. Selective disruption of these potentials using
pharmacological block in an anaesthetised guinea-pig model demonstrates this point
(Figure 2A-D). Intracochlear perfusion of the excitotoxic drug kainite which blocks the
ligand-gated AMPA channels, abolishes both the CAP and the DP, whereas the SP
amplitude is unchanged (Figure 2B). On the other hand, intracochlear perfusion of
tetrodotoxin (TTX), a spider venom which blocks the voltage-gated Na* channels, abolishes
the CAP, but the SP remains and the DP can be observed in the average waveform (Figure
2C which previously was masked by the much larger CAP observed in the normal hearing
guinea-pig (Figure 2D).

There are two main limitations to this technique. Firstly, the currents measured from the
recording electrode are local currents (i.e. those generated within the proximity of the
recording electrode) and, in our study, were measured from the cochlear round window.
Therefore, to a first approximation, we assumed that any disruption identified at the round
window (which has a best frequency of about 8kHz in humans) was the same throughout
the cochlea. Secondly, a disruption at a particular site along the auditory pathway might be
one of multiple disruptions that could occur. As previously discussed, many of the
underlying causes of ANSD cause widespread disruption that may impact cochlear and
brainstem structures and are not highly localised to a single site. In any case, in the study
conducted by McMahon et al. (2008), we identified two types of ECochG waveforms in 14
individuals with ANSD, each who showed normal Magnetic Resonance Imaging (MRI)
recordings (with no identifiable neural abnormalities): (i) a delayed latency SP that
showed little or no compound action potential, suggestive of a pre-synaptic or synaptic
lesion, and (ii) a normal latency SP with a clear DP waveform that was more visible at
lower sound levels (where it was assumed that the much larger SP distorted the DP
waveform at higher sound levels), suggestive of a neural or post-synaptic lesion (see
Figure 3). In 6 of 7 ears implanted with the pre-synaptic or synaptic ECochG waveform,
normal morphology EABR waveforms were measured from electrical stimulation of the
majority of the 22 electrodes of the cochlear implant. Additionally, in 6 of 6 ears
implanted with post-synaptic ECochG waveforms, the EABR waveforms were grossly
abnormal or absent for all 22 electrodes (see Figure 3).

The physiological mechanisms underlying spike failure in cases of ANSD and leading to a
pre-synaptic or synaptic mechanism of disruption could be numerous. Assuming a normal
distribution of EPSP amplitudes results from the quantal release of neurotransmitter (Fuchs,
2005), then a reduction in the amplitude (or number) of EPSPs would reduce the probability
of spike initiation (see Figure 4A). This might occur due to disruption of transmitter-release
(possibly mediated by otoferlin deficiency, Roux et al., 2006) or a scattered loss of IHCs
(Amatuzzi et al., 2001). Alternatively, an increase in the trigger-level voltage could reduce
the probability of EPSPs reaching this critical voltage (see Figure 4B), or, depolarisation of
the dendrite itself (possibly from lateral efferent modulation; Brown, 1987) would also
reduce the chance of EPSPs generating spikes (see Figure 4C).

Santarelli and colleagues (2008) also measured ECochG waveforms in 8 children and adults
with ANSD, using a forward masking paradigm of rapidly presented click stimuli to
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differentiate between cochlear and neural sites-of-lesion. Given that neural potentials decay
significantly with faster rates of stimulation due to neural refractoriness (Miller et al., 2001),
the amount of adaption in the measured response enables differential diagnosis of the site-
of-lesion. In this study, 3 patterns were identified: (i) presence of the SP without a CAP,
consistent with a pre-synaptic lesion; (ii) presence of the SP and CAP, consistent with a post-
synaptic lesion and (iii) significantly prolonged latency potentials (up to 12 ms), which the
authors suggest may result from slowed neural conduction and/or reduced action potential
generation. Since implantation in cases of cochlear nerve deficiency is known to have poorer

outcomes (Buchman et al., 2006), then ECochG provides a useful tool in the differential
diagnosis of ANSD.
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Fig. 3. Electrocochleographic recordings using an 8kHz alternating time-burst show two
types of waveforms exist in the 14 ANSD individuals in this study: (A) a delayed SP with
either a small or absent CAP present, consistent with normal implanted EABR waveforms
suggesting a pre-synaptic lesion and (B) a normal latency SP with a DP present at lower
sound levels, consistent with absent or grossly abnormal implanted EABR responses,
consistent with a post-synaptic lesion.
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Mechanisms of spike failure
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Fig. 4. Physiological mechanisms of spike failure from pre-synaptic or synaptic disruptions
might include: (A) a reduction in the amplitude of the EPSPs; (B) an increase in the voltage
need to reach trigger-level; or (C) hyperpolarisation of the membrane potential of the
primary afferent dendrites (possibly from lateral efferent modulation).

Our next study aimed to identify whether EABR provided a good measure of functional
performance in implanted individuals with ANSD and severe-profound hearing loss. In this
study (Bate & McMahon, in preparation), we compared speech perception outcomes using
the phoneme scores of age-appropriate word lists (either CNC words or Manchester Junior
Words) presented at 65dBSPL in the free-field with a speaker located at 0 degrees azimuth
with electrically-evoked CAEP (ECAEP) waveforms measured at least 1 year after
implantation and EABR waveforms measured immediately after implantation. Ten
individuals with ANSD diagnosed by present CM but absent ABR waveforms and with
normal MRI participated in this study and each showed good speech perception (scoring
>50% phonemes correct) and normal motor and cognitive development. Interestingly, only
40% of these individuals showed good EABR waveform morphology but 80% showed good
ECAEP waveforms when elicited by direct electrical stimulation at a comfortably loud level
from at least 2 of 3 spatially separated electrodes (representing an apical, mid- and basal
position of the electrode array). This suggests that even in cases where cochlear
implantation may not by-pass the lesion underpinning ANSD, it may provide the necessary
amplification needed for the individual to access the speech signal. We did not perform
further complex speech, language or reading testing to determine age equivalence, however,
we suspect that differences between individuals with present EABR and absent EABR may
exist if we evaluated the broader population base and if our testing was more extensive.
Nonetheless, these results do suggest that cochlear implantation can benefit some
individuals with a post-synaptic site-of-lesion. It is important to highlight that both studies
we have conducted included only those individuals with normal MRI scans, indicating no
structural abnormality of the auditory nerve (although it is acknowledged that even high
resolution MRI cannot identify all structural abnormalities). Previous studies have shown
that individuals with a known lesion on the auditory nerve (which would also be defined as
a post-synaptic or neural lesion) including neural demyelination (Miyamoto et al., 1999) and
auditory nerve agenesis or hypoplasia (Maxwell et al., 1999; Gray et al., 1998; Buchman et al



224 Cochlear Implant Research Updates

2006) have significantly poorer outcomes following cochlear implantation. While some
authors strongly pursue the differentiation of terminology for a true neuropathy of the
auditory nerve and an endocochlear disruption that produces the same clinical results
(Loundon et al., 2005), the more inclusive term of ANSD seems to be generally used within
the literature. We agree that such a differentiation is important to better understand the
mechanisms that underpin this disorder and to develop targeted intervention strategies.

Figure 5 shows three case studies that highlight the variability in evoked potentials and
functional outcomes that occur in cases of ANSD, either with normal or abnormal MRI. Case
1 illustrates the electrophysiological test battery as being a good predictor of a good
outcome after cochlear implantation in the first ear implanted (4.5 years of age), but not in
the second (10 years of age). The electrophysiological test result pre-implantation measured
by ECochG and trans-tympanic EABR indicate a pre-synaptic site of lesion (as described by
McMahon et al., 2008). Specifically, as shown in Figure 5A, the ECochG results of a delayed
latency SP and no evidence of a DP in both ears are consistent with a pre-synaptic lesion
(McMabhon et al., 2008). The preoperative test results, coupled with the evidence of normal
anatomy as shown on preoperative imaging allow prediction of a good outcome.
Electrophysiology post-cochlear implant insertion was measured using an intraoperative
EABR which showed good responses from all channels in the left and right (data not shown)
ears. No other disabilities are noted with this individual and as predicted an open set speech
perception ability as measured by was achieved at 6 months post cochlear implantation.
These results are consistent with those seen in other studies such as Gibson and Sanli (2007)
who showed 32/39 children with good EABR results and good functional outcomes. It is
possible that the poorer functional outcomes measured in the subsequently implanted ear
arose from the prolonged delay in implanting the second ear (Ramsden et al., 2005; Gordon et
al.,, 2008) although conflicting evidence exists about the impact of duration of sequential
implantation on functional outcomes (Zeitler et al., 2008). In any case, in contrast to Case 1,
Case 2 provides an example of a subset of individuals identified as having ANSD with
additional confounding factors, including cerebral palsy, developmental delay, Autism
Spectrum Disorder. While the electrophysiological test results may be similar in both cases, it
is presumed that the addition of significant other factors, including cognitive or
developmental impairment, may be the cause of the poorer functional outcomes. Poor
morphology or the absence of wave V on an EABR post cochlear implantation has been shown
to be associated with poor speech perception outcomes (Rance, 1999; Gibson & Sanli, 2007;
Song et al., 2010). Case 3, shows ECochG results with a present SP and SP and very poor
morphology EABR, consistent with a post-synaptic site-of-lesion (McMahon et al., 2008).
Despite this, functional assessment shows a good Manchester Words Junior phoneme score 4
years after implantation. Given the results of these studies, we present an evoked-potential
protocol that might be utilised to better inform device and management decisions in
individuals with ANSD (see Figure 6). It is not intended that this protocol be used alone.
Intensive monitoring of auditory behaviours and receptive and expressive language
development is important in providing complementary information to determine the most
appropriate way to manage a child with ANSD. On the other hand, this protocol intends to
support the decision-making process by providing information about the individual’s
temporal processing ability, needed to develop speech and language, and the location of the
lesion, which might influence cochlear implantation outcomes. Roush (2008) highlights the
types of speech perception and behavioural questionnaires that are useful in obtaining
behaviourally relevant information in this population.
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Fig. 5. Electrocochleography and EABR testing provides information useful in
understanding the likely site of lesion in ANSD (McMahon et al., 2008; Gibson & Sanli,
2007). These specific cases have been used to demonstrate the variability of outcomes in
this population. Case 1: a child with normal neonatal medical history who was bilaterally
sequentially implanted, and electrocochleography and EABR results on both sides (EABR
RE not shown) are consistent with a pre-synaptic lesion. The right ear was fitted at 4.5
years and the left at 10 years of age. Good functional outcomes were measured using CNC
words in quiet with the right ear alone but poor functional outcomes were measured in
the left. Case 2: a child with a significant medical history but with normal VIIIth nerve.
ECochG waveforms show a normal latency SP but no evidence of a DP, suggestive of a
pre-synaptic lesion. EABR waveforms are good for basal electrodes but poorer for apical
electrodes. Poor functional outcomes were reported and no functional assessments were
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able to be performed. Case 3: a child born with no medical history of complications.
ECochG waveforms showed the presence of the SP and DP, suggestive of a post-synaptic
lesion. EABR results showed poor morphology waveforms for all channels. Despite this,
good functional outcomes were measured using Manchester Junior Words.

4 )

1. To determine if sufficient hearing or timing cues exist for hearing aids to be
effective measure CAEP to pure tones, speech stimuli or gaps in noise.
If CAEPs are present, then sufficient timing cues and hearing thresholds exist
If CAEPs are absent - poor timing cues and hearing thresholds

\_ J

2. To determine whether the lesion is located at before or at the level of the auditory
nerve measure ECochG response to an 8kHz alternating tone-burst.
Currently we are unsure of the predictive value of this so the presence of a post-
synaptic - like lesion should not alone prevent implantation from taking place.

3. To determine the likely speech outcomes of implantation for children without
additional disabilities, use EABR to confirm the site-of-lesion and ECAEP to
determine potential functional outcomes.

The presence of the ECAEP is a better indicator of speech perception outcomes than
the EABR.

J

Fig. 6. A possible protocol for the use of evoked potentials in directing management of
ANSD. It is important to note that evoked potentials should not be used in isolation of
behavioural testing and observations.

In conclusion, while the variability of ANSD presents a challenge to audiological
management, a structured approach using parental questionnaires to evaluate auditory
behaviours as well as objective testing may assist in guiding effective decision-making in
this population in infancy.
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