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Abstract

For the treatment of hearing impairments, varigyes$ of hearing devices
and surgical methods exist. However, these metaoalaot adequate for all
types of hearing losses and patients' needs. Damgend the design, some
of the inherent shortcomings could be reduced bplamtable hearing
systems. In implantable hearing systems, the outpdenerated by an
implantable transducer, i.e. the equivalent of toeidspeaker of a
conventional hearing aid.

Two principles of implantable hearing systems hbeen evaluated and
developed in this thesis. One of the presentedsdiarers (i.e. contactless
transducer, CLT) is intended for the rehabilitatmfnsensorineural hearing
loss and couples to ossicles of the middle eacottsists of a coil and
magnet, both implantable in the middle ear in aimally invasive manner.

The second (i.e. DACS) is intended for the rehtiin of severe

combined perceptive and conductive hearing lossouples directly to the

inner ear fluid by means of an amplified stapestresis.

Computer tomography (CT) scans of isolated humad$evere used to
generate morphometrical data. These data defirmusducer geometry.
Computer simulation were used to optimize the CBath transducers have
been measured and evaluated using Laser Dopplesnvédiry (LDV). For
the CLT those measurements where performed on aanaal middle ear
model and on human temporal bones. For the DACI&tesb human heads
were measured and because of favourable resulsythem was implanted
in three patients. Audiological tests were perfampre- and post-
operatively for the DACS.

Optimization showed that CLT can be constructedyémerate maximal
output and to facilitate the implantation proceduvounting parameters
have an important influence on the output of th& CThe overall output is
high for low frequencies and high frequencies buwtas insufficient in the
middle frequency range which is particularly impot for speech
intelligibility. The primary goal of a minimally wasive implantable
transducer was reached with the CLT, but an ovédiigh output was not
obtained. Therefore, this concept was not pursued.



10 Abstract

DACS is an abbreviation for Direct Acoustical Caednl Stimulation. It was
implanted in three patients. The newly developedjisal procedure was
applied without any unexpected troubles. The gdedrautput of all
transducers at 1 mW was more than 125 dB SPL #etitire audiological
relevant frequency range. All patients showed Sicgmtly improved
hearing with the implanted DACS. Such results coudadly have been
reached with a conventional hearing aid or surgioérvention alone.
Because of the favourable first results, furthereigoment or the DACS is
undertaken.



Kurzfassung

Zur Behandlung von Schwerhdrigkeiten stehen heugschiedene
Hoérsysteme, sowie die Mittelohrchirugie zur Verfiigu Trotzdem kann
nicht allen Patienten zufriedenstellend geholfender. Eine Verbesserung
ware bei gewissen Patienten mit implantierbarersigiemen zu erreichen.
Implantierbare HoOrsysteme haben im Gegensatz zuvekdionellen
Horgeraten keinen Lautsprecher, sondern einen itiptéen Transducer.

In der vorliegenden Arbeit werden zwei speziellvéokelte implantierbare
Transducer vorgestellt. Beim ersten Transducer délares sich um ein
minimal invasiv implantierbares Design CLT (Contes$ Transducer).
Dieses ist zur Behandlung von Schallempfindungsa@chorigkeiten
ausgelegt worden. Der CLT besteht aus einer Spudishe auf einem der
Gehorkndchelchen befestigt wird und einem Permamagheten, welcher
an der Wand in der Paukenhohle fixiert wird. Deeitev Transducer DACS
(Direct Acoustical Cochlea Stimulation) wurde fiiie Behandlung von
kombinierten Schwerhdrigkeiten konzipiert. Im Gespm zum CLT wird
der DACS Transducer mittels einer sogenannten Spapthese direkt an
die Innenohrfliissigkeit gekoppelt.

Mit Computertomographie (CT) wurden anatomische d$vagen

durchgefuihrt, welche fur die Konstruktion der Tmdunser ndtig waren.
Dazu wurden anatomische Ganzkopfpraparate verwebietOptimierung

des CLT Transducers erfolgte mittels Computersitaia Beide

Transducer wurden mit Laser Doppler Vibrometrie gesen und evaluiert.
Fur Messungen des CLT's wurden frische Felsenbesogvie ein

mechanisches Mittelohrmodel verwendet. Der DACSn3dacer wurde
zuerst an anatomischen Ganzkopfpraperaten gemesskraufgrund der
gunstigen Resultate bei drei Patienten implantiBei diesen Patienten
wurden pra- und postoperative audiologische Tastshdjefuhrt.

Der CLT kann so optimiert werden, dass er maximalegangsverstarkung
generiert oder tolerantes Verhalten bezuglich Roéérung aufweist. Fur
tiefe und hohe Frequenzen wurden relativ grossestiéidtungen erzielt. Im
mittleren  Frequenzbereich, welcher besonders wvgchtir das

Sprachverstandnis ist, blieb die Ausgangsverstéykadoch ungeniigend.
Das primare Ziel der Entwicklung eines minimal isiwaimplantierbaren

-11-



12 Kurzfassung

Transducers konnte zwar erreicht werden. Auf Grded ungeniigenden
Verstarkung im mittleren Frequenzbereich, wurde Eintwicklung dieses
Transducers jedoch nicht mehr vorangetrieben.

Der DACS Transducer wurde in drei Patienten impéaihtDaflr wurde ein
neuer, sogenannter retrokanalarer, chirurgischegadg zum Mittelohr
entwickelt. Fir den Transducer wurde breitbandign eiquivalenter
Ausgangsschalldruck von Uber 125 dB SPL erreicét.aien Patienten war
das Horvermdgen postoperativ erheblich besser glspprativ. Solche
Ergebnisse wéaren durch die Chirugie allein oderclluknpassung eines
konventionellen Horgerates nicht moglich gewesemdi2 Resultate dieses
Konzepts sehr vielversprechend sind, wird die Eckivng weiterverfolgt.



Résumé

Le traitement de la surdité est basé soit sur Bapiflage acoustique soit sur
la microchirugie otologique. Ces méthodes ne soutefois pas efficaces
pour tous les types de défauts auditives. Danaiosrtas une amélioration
est possible par des systéemes auditives implastabBes systémes
possedent tous un transducteur implantable quespand au haut-parleur
des prothéses acoustiques conventionnelles.

Dans cette thése deux principes de transducteufaimtable ont été
développés et évalués. Le premier transducteur Y@sT construit pour la
réhabilitation des default auditif de la perceptimeurosensorielle) et se
greffe dans I'oreille moyenne. Il est composé d’bobine fixée au marteau
et d’'un aimant permanent attaché au bord de ldédei I'oreille moyenne.
Le deuxieme transducteur (DACS) a été développé fmouéhabilitation
des surdités mixed ayant, en plus une composangmaEmission. Dans ce
systeme les vibrations sonores sont transmisesteinent au liquide de
l'oreille interne a l'aide d'un prothése de stapetdenie qui est relié au
amplificateur électromécanique (transducteur).

La géométrie des transducteurs a été élaborée &r mimages
tomographiques de cranes. Leur caractérisatiog ététlier au moyen d’'un
Laser Doppler Vibromeétre (LDV), sur un modéle mégaa de grandeur
nature ainsi que sur des os temporaux pour le Glsliredes créanes pour le
DACS. En plus, la performance du DACS a, pu étrefiomée lors de
'opération de trois patients. Pour son implantatiain nouvel abord
chirurgical de I'oreille moyenne a été développ@alement, le CLT a été
optimisé a I'aide de simulations numériques.

Les simulations numériques ont montré que le CLilt,psit étre optimisé
au niveau de I'amplification, soit au niveau detacédure d'alignement de
la bobine et de I'aimant. "Les mesures sur le neod#canique ont permis
de mettre en évidence les parameétres ayant unedegranfluence sur
'amplification. Pour les hautes et basses frégasnkes résultats sont
encourageants, mais dans les fréquences moyenesisaedire dans les
fréquences du langage, I'amplification reste faillle but principal qui
consiste a développer un transducteur implantablec auine chirurgie
invasive minimale est atteint. Mais les performandasuffisantes de

-13-



14 Résumé

'amplification ont conduit a Il'abandon du dévelegppent de ce
transducteur.

Le systeme DACS a été implanté a trois patientamiglification mesurée
pendant I'opération était de plus de 125 dB SPLtasutes les fréquences.
L'audition des patients implanté est par la suitesidérablement améliorée
grace au systtme DACS. L'amélioration était supérée celle obtenu par
seulement l'appareillage acoustique ou par lirgetion chirugicale de
stapedectomy. En raison de ces résultats favordélegveloppement du
DACS est poursuivi.



List of Acronyms

Acronym Full Name

B Magnetic flux density

BAHA Bone anchored hearing aid

BMEC Border of middle ear cavity

BTE Behind the ear

CcC Crimp connection

Cl Cochlear implant

CiCc Complete in the canal

CLT Minimally invasive implantable transducer /
Contactless transducer

CO Coll

CR Coupling rod

CT Computer tomography

d; Inner diameter of the coil

O Diameter of permanent magnet

do Outer diameter of coil

dB Dezibel

DP Degree of Pneumatization

DRT Direct rod transducer

EMBEC European medical and biological engineering
conference

ENT Ear nose throat

FDA Food and drug association of the United States

FMT Floating mass transducer

H Magnetic field

h Height of caoll

hm Heigth of permanent magnet

HL Hearing level

Hz Hertz

I Current in the coil

IHC Inner hair cell

IHS Implantable hearing system (Type O-llI)

-15-



16 Acronyms
IN Incus

ITC In the canal

ITE In the ear

i Current density

L Length of the wire of the coil

LDV Laser Doppler vibrometry

LIP Ligamentum incudis posterior

LMA Ligamentum mallei anterior

MA Malleus

MM Malleus mallei (handle of the malleus)
MES Middle ear surgery

N Number of turns of the coil

OHC Outer hair cell

ow Oval window

PM Permanent magnet

PP Percutaneous plug

o Cross section of a single wire

RF Radiofrequency

RP Reference point

RW Round window

SP Stapes prosthesis

SPL Sound pressure level

ST Stapes

SUVA Schweizerische Unfallversicherungsanstalt
T Transducer

TICA Totally implantable cochlear amplifier
z Air gap between the coil and magnet
n Filling factor of the coil

My Relative permeability

Radial displacement between coil and magnet




Chapters overview

This thesis contains following chapters:

Chapter 1 :“Introduction” defines the purpose of this dissertation,
provides a general introduction into the anatonmyspplogy, and pathology
(diseases) of hearing and current possibilities fehabilitation and
consequent motivation for the utilization of impiaile hearing aids.

Chapter 2 : “Computer assisted optimization of an kctromagnetic
transducer design for implantable hearing aids” introduces the
minimally invasive, implantable middle ear transelu¢CLT). It consists of
a coil and a magnet to be implanted in the middle cavity. In order to
optimize the dimensions of the coil, a set of fesimulations for different
geometries were performed and experimentally \estifAs a result, the coil
can be optimized either to maximize output levelsodbe tolerant of radial
displacements between coil and magnet.

Stieger C, Wackerlin D, Bernhard H, Stahel A, Kanpl, Hausler R,
Burger E. Computer assisted optimization of antedecagnetic transducer
design for implantable hearing aids. Computers inl®y and Medicine
2004;34 (2):141-52.

Chapter 3: “Anatomical study of the human middle ea for the design

of implantable hearing aids” generates a set of morphometric data which
is mandatory for the design of the CLT and the DAQ®%e data is
generated using computer tomography (CT) scansuafah headgost
mortem Data were statistically examined on differentdas.

Stieger C, Djeric D, Kompis M, Remonda L, HausleARatomical study of
the human middle ear for the design of implantaidaring aids. Auris
Nasus Larynx 2006;33 (4):375-80.

Chapter 4: “Implantable hearing aids: Influence of different mounting
parameters of three different middle ear transduces evaluated with a
mechanical middle ear model”consists of two parts. First, a mechanical
middle ear model, used to characterize the coestransducer (CLT), is
presented. When developing transducers, it is itapbrto know the

-17-



18 Chapters overview

generated output at the stage of the cochlea. dorentional hearing aids,
this is performed measuring the sound pressurel I€S5BL). As IHS
transducers generate forces or displacements, e models are
necessary to evaluate the transducers. For IHSriparal bone models are
often used for characterization. This chapter shtives advantages of a
mechanical middle ear model.

Then, the output of three middle ear transducersdffierent mounting
parameters is discussed. The mechanical middleneatel is used to
compare the CLT with other middle ear transducers.

Stieger Ch, Bernhard H, Waeckerlin D, Kompis Mrd&un J, Haeusler R.
Implantable hearing systems: Evaluation of thre#edént middle ear
transducers using a mechanical middle ear modelbn8tted to Journal of
Rehabilitation Research and Development.

Chapter 5: “A novel implantable hearing system withdirect acoustical
cochlear stimulation (DACS)” presents the concept of the DACS system.
The implantation procedure is described. Finalyuits of the first clinical
study are provided. They show that patients witrese combined hearing
loss can be treated effectively with this new cgace

Stieger C, Bernhard H, Haller M, Kompis M, Hausl&. A novel
implantable hearing system with direct acousticaktdear stimulation
(DACS). EMBEC. Prague: IFMBE Proceedings, Vol.2005.



Chapter 1. Introduction

The introduction defines the purpose of the dissiern, provides a general
introduction into anatomy, physiology pathologysédises) of hearing and
today’s possibilities for rehabilitation. Conseqtignthe motivation for the
development of implantable hearing systems is given

-19-



20 Chapter 1

1.1 Purpose of this work
The purpose of this work is:

* To present two concepts of innovative implantablearing
systems:

0 The first system is a middle ear transducer whichptes to
the ossicles of the middle ear. Implantation iemded to be
minimally invasive.

0 The second system (DACS) couples mechanically ljréo
the fluid of inner ear.

e To acquire morphometrical data for the middle eauity in order
to outline maximal dimensions which are to be usethe design
of transducers.

e To characterize, optimize and evaluate the CLT gisimulations
and measurements on a mechanical model as well éentporal
bones. The CLT should reach comparable or highaputs
compared to other middle ear transducers.

e To prove the concept of DACS in a clinical study.

1.2 Anatomy and physiology of the ear

Hearing refers to the ability to detect sound.dinprises not only the ear
but also the auditory nerve and central auditorgtesy including the
auditory cortex in the temporal lobe. The ear asta sensor for acoustical
stimulation by transforming sound into neural sign&dhese signals are
transmitted by the auditory nerve and processedaaatysed in the central
auditory system. In this section, anatomy and ghggy is limited to the
ear, as, at the present time, the means of treatofidrearing impairments
interact with the ear (except brainstem implan®grts of this section are
adapted from Kompis [1].

The human ear consists of three parts: externah@ddle ear and the inner
ear. Figure 1.1 shows a cross section of the hieaan
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External

i/

Conductive Sensorineural

Hearing Loss “y

Figure 1.1  Cross section of the human ear. EACGeraat auditory canal,
TM: Tympanic membrane, MA: Malleus, IN: Incus, ST:
stapes, OW: Oval Window, RW: Round Window (courtesy
Kompis [1])

The frequency range of the audible field goes fiBrHz —20’000 Hz and
the dynamic is 100 dB.

1.2.1 External ear

The external ear consists on the auricle and thermad auditory canal
(Figure 1.1). Due to the structure of the aurideund is bundled and
reaches the external auditory canal by multiple svagd with short time
delays. The amplitude of sound is therefore angaliin some frequencies.
As an approximation, the external the auditory tacts as\/4 resonator.
Taking into account the average length of 23.4 npwsterior wall) and
35.2 mm (anterior wall) [2] and a velocity of souindthe air of 343 m/sec,
the resonance frequency is calculated between 2450and 3700 Hz
(velocity divided by the fourfold length). As an ample, the overall
transfer function of the author's external eahsvwn Figure 1.2.
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20

[N
o

Gain (dB)

()]

100 1000 10000
Frequency (Hz)

Figure 1.2 Measured transfer characteristic of éxéernal ear of the
author. A sweep of a sinus signal between 200 800 81z is
applied. The gain represents the difference of dquessure
level measured by two microphones. One microphae i
located 0.5 cm below the auricle and the secondr2imfront
of the tympanic membrane.

1.2.2 Middle ear

The middle ear consists of the tympanic membrand) (&nd tympanic
cavity where three small ossicles are located.

The three ossicles, i.e. malleus (MA), incus (IN)Jdastapes (ST) are
connected to each other. They transfer acoustiatiins of the tympanic
membrane to the inner ear fluid via the oval winddle function of the
middle ear is the adaptation of the acoustical ohapee Z (i.e. ratio
between amplitude of pressure to velocity of theainsb wave). The
transmission of sound from the air into fluid igweoor.

Ziy—Z
Transmissin% = (1-—™% ") [100% = 006% (1.1)

fluid + air
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where:
2, =413 K9 (1.2)
sl
Z s = 482030% (1.3)
silm

Two middle ear mechanisms increase transmissi@owfd to liquid of the
inner ear. First, the malleus and incus have differoperative lengths.
Therefore, by the law of lever, the force at th@lowindow is 1.3 times
greater than at the tympanic membrane. Secondatleof the surface of
the tympanic membrane (55mMmand oval window (3.2 mfh is
approximately 17 [2].

A combination of both effects amplifies the pressat the oval window
by 22.

Additionally, there are two muscles in the tympaoavity, the stapedial
muscle and the tensor tympani muscle. For acolisgigaals above 70-
100 dB HL (0 dB HL i.e. hearing level which refers the physiological
normal hearing), the stapedial muscle contract$ wait short delay of
approximately 100 ms. The stapedial muscle alsdracis 100 ms before
the onset of one's own voice. The reflex attenulmtesfrequencies below
2 kHz. Physiological explanations for this reflene &till under discussion;
these include protection from loud acoustical eveartd protection from
one's own voice, as well better speech intelligipih noise[1].

1.2.3 Inner ear

The inner ear may be divided in two parts. The griat part of the inner
ear (vestibular labyrinth) is responsible for ot&ion in space; the anterior
part (cochlea) acts as sensory organ for hearirggp#on.

The cochlea has the form of a snail shell witht@res (Figure 1.3). Inside,
there are three fluid-filled chambers, i.e. scgtagani, scala vestibuli (both
contain perilymph) and scala media (which containdolymph). The scala
tympani and the scala vestibuli are contiguous,gimgr at the tip of the
cochlea (helicotrema). The scala vestibuli endthatoval window where
the perilymph is stimulated by the stapes; theastaipani ends at the
round window which ensures pressure equalizatiorthé organ of Corti,
which is positioned on the basilar membrane ingbala media, acoustic
vibrations are transformed at the level of sendmir cells by way of a
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complex mechanism into electrical signals of thehtear nerve (Figure
1.3).

a)

Scala
Tympani
Scala
Media

Basilar
Scala
Membrane, - vestibuli e
b)

Fibres of the Inner Hair Outer Hair
Auditory nerve Cell Cells

Figure 1.3 Schematic drawing of the cochlea (a) #e organ of Corti
(b) with details of the basilar membrane and hadtlsc
(courtesy M. Kompis)

The vibrations of the stapes induces a so-cali@eetling wave ([1] p. 29)
on the basilar membrane which shows maximal angdgudepending on
the frequency at different places. Inner hair c#i€ provide the main
neural output of the cochlea. They transform meitgahmimovements into
electrical signals. This excitation of the innerirheells is additionally
amplified by outer hair cells (OHC). Outer hair Isehct as a non-linear
amplifier up to 50 dB for low input levels.

The function of cochlea may be described additignak a frequency
analyser.
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1.3 Hearing disorders

Three preconditions must be fulfiled for the petien of acoustical

signals. First the sound has to be transmitted ftwerouter ear to the inner
ear fluid, then the sound must be transformedantelectrical signal by the
inner (IHC) and outer hair cells (OHC) to the ceahl nerve. The cochlear
nerve transmits the electrical signals to the egrduditory system of the
brain. Diseases can manifest in each of the mesdigarts. For clinical and
audiological diagnostic and therapy it is importemiassociate the hearing
problem with their origin. Two kinds of peripheragaring disorders are
principally differentiated, i.e. conductive and sernineural hearing loss [1],

3].

1.3.1 Conductive hearing loss

In conductive hearing loss, sound is not transchigiciently to the inner
ear. The origin of conductive hearing loss is ledatither in the external
ear or in the middle ear. The most important cao$ggrsistent conductive
hearing loss are [1]:
» Otosclerosis, i.e. pathological ossification witixafion of the
stapes in the oval window. [4].
+  Chronic otitis media
e Interruption of the ossicular chain
+ Malformation dislocation fracture or absence of thssicles
(middle ear)
» Malformation of the external auditory canal withaloobstruction
of the external ear canal
» Perforation of the tympanic membrane due to andactisuch as
due to a Q-Tip or to chronic otitis media
* Fracture of the temporal bone resulting from ardsed

1.3.2 Sensorineural hearing loss

In sensorineural hearing loss, either transformatiof acoustical

(mechanical) into neural (electrical) signals ie ttochlea is defective, or
the transmission via the auditory nerve is notatife or the auditory center
is defective. Hearing diseases down stream of twhlear are defined as
retrocochlear hearing loss [3]. Retrocochlear Imgatosses are rare and
often related to tumors or apoplexy. Therapy withearing aid in central



26 Chapter 1

auditory dysfunction is principally not possibledatiherefore not discussed
further.

The most important causes of sensorineureal hebrésgare [1]:

« Presbyakusis (hearing loss due to age)

e Congenital (genetically, infection of mother, eghella)

e Connatal asphyxia (deprivation of oxygen)

*  Morbus Meniere, Meningitis (disorder of the innar)e

»  Ototoxic hearing loss

e Acoustic trauma:
0 Acute: very high sound pressure levels for a stewsrh
o Chronic: sound pressure level over a long timedgline

of SUVA: max. 40 hours at 87 dB(A) per week)
e Sudden hearing loss

1.3.3 Combined hearing loss

Combined or mixed hearing loss is a combinatiooarfductive and
sensorineural hearing loss.

1.4 Therapies

In the treatment of hearing disorders not onlydhese but also the severity
need to be evaluated. Hearing loss is describeteadifference to normal

hearing in dB HL. It may be ranked as mild, moderaevere or profound.

Hearing loss is not necessarily the same over tiieeefrequency range.

Therefore, it is quite common for someone to haweenthan one degree of
hearing loss (e.g. mild sloping to severe).

An overview of therapies for different types andyeees of hearing loss is
shown in Figure 1.4. The limits of each therapeutioption are not

absolute; e.g. cochlear implants were originallglisgal for completely deaf
patients only (> 110 dB). Today, it penetrates i field of patients with

severe to profound hearing loss with residual Inggait low frequencies.

Maximal hearing loss due to purely conductive hagatoss is about 60 dB
i.e. the interruption of the ossicular chain oreatz® of at least one of the
ossicles.

In this thesis, implantable hearing systems (IH§ &re focussed. For the
sake of completeness, all therapies are brieflgriteexd subsequently.
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Type

Sensorineural Mixed Conductive

0dB
20 dB
Mild
40 dB
o Moderate
g 55 dB
® Moderately
o severe 70 dB
Severe
90 dB
Profound
110 dB
Deaf
120 oB IHS 0 (CI)

Figure 1.4 Therapies according to factors typedegtee of hearing loss.
HA : conventional hearing aids, MES : middle eaigsuy, CI:
cochlear implants, IHS: implantable hearing systéhype O-
).

1.4.1 Conventional hearing aids (HA)

Conventional hearing aids (HA) represent the statbe art of treatment of
sensorineural hearing loss at the present timey Thasist of one or more
sound collecting microphone(s), a sound processitiig an amplifier and a
loudspeaker. Based on this principle, differenetyare available, i.e behind
the ear (BTE), in the ear (ITE), in the canal (IT€mpletely in the canal
(CIC).

In the last decade, humerous and significant imgmoents have been seen
in hearing aid technology. Most important are dighearing aids, multi-
microphone systems which offers:
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» Different sound processing on multiple channels pification of
each channel is calculated according to incomingelleand
individual hearing loss (multi channel compression)

e Adaptive directive multi-microphone noise reductiomhich
increase speech intelligibility in adverse listenisituations and
noisy environments.

« Adaptive suppression of the acoustical feedback

Accessories, such as wireless classroom communicatsystems
(FM systems) and remote controls have become isicrglg common,
facilitating the life of hearing aid users [5].

Conventional hearing aids represent the largestkehain hearing
impairment with approximately 5.5 million units dolper year [6].
However, approximately 25% - 43% of them are nedys], [8].

1.4.2 Middle ear surgery (MES)

Conductive hearing loss can be rehabilitated bpnstucting the middle
ear or the external auditory canal. (Passive) Mideir prostheses may be
used to replace the defective structures [9].

In the case of otosclerosis (see. 1.3.1), the inilenatapes is partially or
totally removed in order to access the inner aadflA stapes prosthesis is
then attached to the incus coupled to the fluithefcochlea at the stage of
the oval window (Figure 1.1)
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Figure 1.5 Procedure of a stapedotomy. a) accedgetoympanic cavity
by elevation the tympanic membrane (TM). IN: IncB&pes,
MA: Malleus, RW: Round window. b,c) Stapes (ST) is
partially removed. d) hole in the stapedial footplarovides
access to oval window (OW) and the inner ear fluid
(perilymph). e) a stapes prosthesis (SP) is crimpedthe
incus and placed in the oval widow f) the oval widis sealed
with adipose tissue (courtesy R. Hausler).

Stapedectomies are established procedures andriped over 10000
times per year around the world. A significant ioygment of hearing is
obtained in over 90% of operated patients. Howethere is a small risk of
postoperative deafness (app. 1%)[10].

1.4.3 Implantable hearing systems (IHS)

Implantable hearing systems, as they exist todagsist of one or more
sound collecting microphone(s), a sound processimy amplifier, and a
battery - all worn externally - and an implantedpott transducer. The
transmission from the external unit to the impleenh even be provided by a
percutaneous plug or an RF transmission. Dependinghe principle of
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such transducers, they can be applied for diffekard of hearing diseases
(Figure 1.4).

Up to now, commercial implantable hearing systemgehnot been totally
implantable. Of course, this is an aim for the fatuMost likely, it will be
provided first for cochlear implant systems as ¢ha&k® not generate
mechanical output and therefore no mechanical &edb

IHS 0 : Cochlear implants (CI)

Cochlear implants represent one of the most spdletacadvances in
modern medicine. They render possible that deaématwith a complete
destroyed inner ear but a functional auditory nece@ hear [1], [11].
Congenitally deaf children implanted at an earlye arhieve not only
hearing but also language development [12], [13].

The transducer of a cochlear implant consists cflaotrode array, inserted
in the cochlea. These electrodes stimulate the@ydierve electrically.

Cochlear implants replace the function of the ceahby direct electrical
stimulation of the auditory nerve.

IHS I: Implantable middle ear transducers

As mentioned above, conventional hearing aids wmeler significant
improvements over the past years. Most of them weade with signal
processing and related hardware. However, the obugmnals of the
speakers of conventional hearing aids are physgicdiinited to

approximately 5000 Hz [14]. For comparison, const®ain spoken
language contain frequencies up to 8000 Hz andahge of hearing goes
up to 20000 Hz [1].

An important drawback of conventional hearing aglthe occlusion of the
external auditory canal. The ear mould must obéupsrfectly in order to

minimize direct acoustical feedback. However, tigtatulds reduce wearing
comfort and often lead to termination of use. Addially, the ear is aerated
less well because of the ear mould, which incretigesisk for infections of

the external auditory canal.

Implantable middle ear transducers could reduceseth@rawbacks
substantially. Therefore, over the last decadesymawestigations have
been made into the development of implantable raider transducers
[15],[16],[17]. Currently, middle ear transducerse aan alternative for
patients with problems with conventional hearingsaiTo achieve a broad
acceptance in the group of conventional hearinguaéts (Figure 1.1), they
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presumably must be implantable minimally invasivalyd significantly
better than conventional hearing aid speakers.

This is not the case for any of existing middle teansducers (Chapter 2:).
Therefore, we investigate in principle a minimallwasive contactless
electromagnetic transducer for following reasons:

 Minimally invasive surgery without mastoidectomycdeases the
likelyhood of an implantation. (mastoidectomy: ojmen of the
middle ear cavity by drilling a hole in the templdsane behind the
ear)

* No preload on the ossicular chain, which inhibitanpensation
(Chapter 4)

IHS II: Direct Acoustical Cochlear Stimulation

Currently, there is no effective therapy for seveoenbined hearing loss.
Thus, a transducer for its rehabilitation is inndx@and has the potential of
occupying a niche. Depending on the design, susystem could even be
used for sensorineural or conductive hearing lassea

One solution for such a transducer is provided BCB, an abbreviation
for Direct Acoustical Cochlear Stimulation. It werlon the principle of
direct acoustical stimulation of the inner ear dlu{perilymph). The
perilymph is excited by a stapes prosthesis (1.4M2ich is additionally
amplified by an actuator (Chapter 5).

Recently, a second principle for direct acoustmathlear stimulation was
presented whereby an IHS | was directly mountedhenround window
[18].

IHS lll: Bone Anchored Hearing Aids (BAHA)

Bone anchored hearing aids present an alternateeapy to middle ear
surgery for conductive hearing loss. In contrastidie ear surgery, BAHA,
can be also used for patients with mild mixed heploss [19].

The BAHA consists of a titanium bone screw whiclixed behind the ear
and penetrates the skin (percutaneous plug). Grsthéw, the active part of
the BAHA is hooked up. The mechanical output vilmrag are directly

transmitted to the bone of the scull and then cotetlito the cochlea.
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Chapter 2. Computer assisted optimization
of an electromagnetic transducer design for

implantable hearing aids (published in Comput
Biol Med)

This chapter introduces the minimally invasive iampable middle ear
transducer (CLT). It consists of a coil and a magieebe implanted in the
middle ear cavity. In order to optimize the dimensi of the coil, a set of
four simulations for different geometries are peried and experimentally
verified. As a result, the coil can be optimizethei to maximize output
levels or to be tolerant of radial displacementsim®en coil and magnet.

Reference:

Stieger C, Wackerlin D, Bernhard H, Stahel A, K@, Hausler R,
Burger E. Computer assisted optimization of antedecagnetic transducer
design for implantable hearing aids. Computers inl®y and Medicine
2004;34 (2):141-52.
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2.1 Abstract

A simple, contactless electromagnetic transducesigdefor implantable
hearing aids is investigated. It consists of a eoifl a permanent magnet,
both of which are intended for implantation in theiddle ear. The
transducer is modelled and optimized using compsiteulations, followed
by experimental verification. It is shown that tipeoposed transducer
design can, because its size and geometry, allgMantation through the
external auditory canal and provide a sufficientligh acoustic output
corresponding to approximately 120 dB sound pressevel. It can be
optimized to be tolerant of radial displacementsveen coil and magnet of
up to 1 mm.

2.2 Introduction

Implantable hearing aids are a dynamic area ofareke Several different
types of both, totally and partially implantableahieg aids, are currently
under development [1,2]. When compared to conveatitearing aids,
such implantable aids hold the promise of substhntinprovements
regarding reduced sound distortion and, consequedntter sound quality
and speech recognition, reduced feed-back, bettanetic appearance and
less discomfort due to the occlusion of the eanktgj.

The single most important component of an impldetdiearing aid is the
output transducer. It is the equivalent of the kpehker in conventional
hearing aids but provides a direct mechanical iaterin the human middle
ear, usually at the ossicular chain. Different g/md output transducers
have been proposed. Electromagnetic [3] or piertréde[4] transducers
driving the ossicular chain by means of a drivind have been shown to be
able to provide high output levels of up to 135 s@und pressure level
(SPL) [3]. However, the surgical procedure is usualomplex, and
additional conductive hearing losses due to thetiaddl mechanical load
of the driving rod cannot be ruled out. Electronetgn floating mass
transducers [5] provide only limited output at Ifiequencies and currently
cannot be implanted through the external auditagat, necessitating a
mastoidectomy. Simple electromagnetic transducansisting of a coil and
a permanent magnet have been proposed by sevararswj6,7]. This
simple contactless design promises several advasitager piezoelectric
and more sophisticated electromechanical transdii8gincluding:
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» reduced risk of malfunctions due to wear and time
e apart from the weight of the part of the transduwdrich is
attached to the ossicular chain, an absence offdiiess which
could cause tissue erosion and promote mechargvaealfailure
e both parts of the transducer can be implanted fonecessary,
exchanged independently
* minimally invasive implantation through the ear ahrsimilar to
the transcanal approach in middle ear surgeryolsgbly possible.
The force generated by such contactless electrostiagriransducers
depends strongly on geometry and on the relativacimyj of the
components. To our knowledge, the effect of charigegeometry and
relative placement have not been investigated syieally. For hearing
aid applications, this knowledge is essential ideorto insure sufficient
acoustic output at acceptable power consumption optimizing the
transducer design. This investigation aims to clibée gap for a specific
contactless electromagnetic transducer designedetémplanted using a
minimally invasive transcanal approach.

The paper is organized as follows. Section 2.3othices a simple
contactless electromagnetic transducer. In se@idnthe factors limiting
the range of realistic design parameters are disclusSection 2.5 describes
the materials and methods used in the computerlaiions and in the
experimental verification. Results are presented discussed in sections
2.6 and 2.7, respectively.

2.3 A simple electromagnetic transducer

Several configurations of electromagnetic transtkicr implantable

middle ear hearing aids are conceivable and haead} been described
[6,7]. All of them are based on the principle of@ntrolled variable force
between a coil and a permanent magnet.
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Figure 1: Schematic drawing of the proposed eletagnetic transducer
for a middle ear hearing aid. A permanent magnéf)(i3
mounted on the manubrium mallei (MM). A coil (CQ9 i
placed between the stapes (ST) and the round wir{€R¥)
on the wall of the middle ear cavity. (EAC= extdraaditory
canal)

Figure 1 shows a schematic representation of th&igioration of an
electromagnetic transducer considered in this rebealhe transducer
consists of an axially polarized permanent magndt rRounted at the
manubrium mallei MM, and a coil CO mounted betwéw®n stapes ST and
the round window RW on the part of the surfacehef middle ear cavity
called promontory. The permanent magnet is defmeds diameter g, its
height hk, and, in conjunction with the choice of magnetidenial, its mass
mm and its magnetization. The coil is defined Isyduter diameterdits
inner diameter d its height h and the number of turns N. Opposing
directions of the current flow in the coil are medkby a dot and a crossed
circle respectively in Fig. 1 and 3.

Using these parameters, the cross-section of desimige f and the total
length wire L of the coil can be calculated
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L=N Drad";-id‘ (2.2)

(2.1)

wheren is a filling factor between 0 and 1 to accounttfu space required
between wires. Assuming a current | flowing through coil, the current
density j can be calculated as

=g ”ig' (2.3)
(o_ I)l:h
2

The current causes a magnetic field H and a magfiex density B, which
results in a force on the permanent magnet andhenattached ossicle.
Mediated by the ossicular chain, this movementaadferred to the inner
ear, resulting ultimately in a hearing impressibhe force generated by the
transducer depends on the relative position ang¢lenetry of the coil and
the permanent magnet. This relative position isingef by the radial
displacementp and the air gap z between the coil and the magset,
depicted in Fig. 1. In our simplified model, theisaof the coil and the
magnet are assumed to be parallel at all times.

2.4  Factors limiting the design parameters

A number of factors, including geometry, weightpdompatibility and
tissue warming due to power dissipation of the,clihit the range of
design parameters of electromagnetic transducers.

2.4.1 Geometry

The geometry of the middle ear implies limitatiamtbe size and placement
of the coil and the magnet. To illustrate the amgt@nd space available in
the middle ear cavity, a reconstruction from aeserdof CT-scans of a
temporal bone of a healthy Caucasian adult mad@asvn in Fig. 2. Its size
and geometry are typical for adult human middlesdfr 10]. A coil and
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magnet, the dimensions of which correspond tordmestiucer referred to as
the reference coil and magnet, are shown in Fig:h& coil has an outer
diameter of 4.3 mm and a length of 0.6 mm, the p@ent magnet is
1.5 mm in diameter and 0.5 mm in length. aWengemdothat a diameter
of 3 mm is reasonable for middle ear implants,daineters of up to 9 mm
might be possible, if a part of the ossicular chaguld be removed [11]. A
conceptual geometrical study on the range of ptessilpansducer
placements and geometries using CT-scans was cauddueurthermore,
coils and magnets of different sizes were actugligced in artificial
temporal bones (Pettigrew Plastic Temporal Bongding, Scotland, UK).
It was found that the overall thickness of the ctatgptransducer, including
coil, magnet and air-gap must be no larger thanr@ im order to be
implantable in most human middle ears. Assuming inimal distance
between coil and permanent magnet of 0.2 mm, whicbtonsidered the
lower limit for surgical feasibility, the thicknesd the coil and the magnet
together must not exceed 1.8 mm. Assuming a cytiatrdesign, the
maximal diameter of the transducer was found tagggoximately 7.0 mm.

Figure 2: 3-D model of external auditory canal BAand the middle
ear with the ossicles (malleus MA, incus IN, stafd3. The
transducer, consisting of a coil (CO) and a permangagnet
(PM), lies within the borders of the middle ear itav
(BMEC). The reconstruction is based on a micro-€ansof a
human temporal bone. (Voxel size 0.2 mm for thectess
0.5 mm for the cavum tympani and external audit@nyal).
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2.4.2 Mass of the permanent magnet

Whenever the implantable hearing aid is turned sfjnd transmission is
influenced by the mass of the permanent magnétadtbeen found that an
additional mass of 37.5 mg or 40 mg respectivelggirise to an additional
damping of 10 to 20 dB [7,12]. This is unacceptaligh for hearing aid
applications. For smaller masses between 20 to 25 virtually no
additional damping [13] or small additional dampiig3 dB [14] and 5 to
10 dB [12], has been reported.

In order to maximize the force generated by thaswlacer while keeping
damping at an acceptably low level, the mass ofpenanent magnet,
including its casing, should therefore preferablgt rexceed 25 mg.
Biocompatible casing, including the fixation devichas a mass of
approximately 10 mg, leaving a maximum of 15 mg floe permanent
magnet itself. Therefore, in this study, a SmCo meagvith its diameter
1.5 mm and length of 0.5 mm, and a resulting mds$4omg (density
p= 8.5 g/cm) was used.

2.4.3 Temperature

Most of the energy transferred to the transducémaissformed into thermal
energy at the transducer coil. In order to prevésgue damage, the
surrounding tissue should not be heated by more ttfaC [15]. To
determine the amount of energy which can be ditsiply the coil over an
extended period of time without excessive warmiag;lay model of the
temporal bone region, including the middle ear awvas build. A coil
was placed on one side of the model cavity andedeby means of a
constant current of 16 mA (power dissipation 6.4 )adrresponding to a
continuous acoustic output of approximately 1208BL. Although the
model did not include blood perfusion, which wouldrmally increase
transport of thermal energy away from the coil, tdwmperature increase of
the model tissue directly under the coil did noteeed 0.5° over an 8 hour
period.

2.4.4 Biocompatibility issues

Biocompatibility is a prerequisite for any implab& system. A gas-tight
titanium coating of the magnet and the coil couldiamgntee
biocompatibility [16]. With its low relative permbdity of p, = 1.00018,
titanium has essentially no influence on the etanrignetic field.
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2.5 Material and methods

2.5.1 Computer simulations

Reference coil

A simulation procedure using Matlab (The MathWohks, Massachusetts,
US) was developed to calculate the static force aofcoil-magnet
configuration with finite dimensions. Calculationgre based on the laws
of Biot Savart and force calculation on a magnetiipole in an
inhomogenous magnetic field [17]. This procedure haen found to be
more efficient than finite element models which apimized for systems
where most of the magnetic flux is guided in matathaterials. In our
application, small changes in the choice of meshiage been found to
yield substantial differences in the results. Caiécse modelled by a number
of ideal wires, i.e. wires with infinitely small atineters. To account for the
effects of finite coil height and for the differenof the inner and outer
diameter, these ideal wires were distributed witthi@ actual coil volume.
For each coil, the number of turns was chosen @¢h suway that the errors
in the field distribution were below 1% and the quutational load
remained reasonable. The current | in each ofithalated ideal wires was
calculated according to Eg. 2.3 to match the cardensity j in the
corresponding experiment. For each coil, the nedapiosition of the coil
and the magnet, i.e. the parametprsand z (cf. Fig. 1) were varied
systematically in the range of up to 4 mm in eitdaection forp and
between 0.1 mm and 1 mm for z respectively.

Variations of the design parameters of the electroagnetic transducer:

Simulations were performed using 5 different cditseach case, the same
wire (i.e. same material, same length L and crestianal area 7) and the
same filling factorn was assumed, which guarantees the same power
consumption for direct current. Assuming these patars are fixed, h,,d

or d can be calculated if the other two are known byrespondingly
transforming the equation

7

d?-d?)h (2.4)
mqrzef(a ) hif

L=

A summary of the parameters of the five differealiscused is given in
Fig. 3. Starting from a reference parameter seinuhef a reference coll,
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either the outer diameter or the height of the wale varied between its
minimal and maximal admissible value, adjusting itheer diameter of the
coil according to Eq. 2.4. The values for maximaight and maximal
diameter were chosen according to the geometrisiderations discussed
in section 2.4. Minimal values were found by settthe inner diameter of
the coil dto zero.

Reference coil a.) Maximal height b.) Maximal diameter
h=0.70 mm h=0.90 mm h=0.70 mm
d,=4.30 mm d,=4.30 mm d, =7.00 mm
d=2.5mm di=2.96 mm d;=6.13 mm

. o ° B
¢.) Minimal height d.) Minimal diameter
h=0.45 mm h=0.70 mm
d, =4.30 mm d, = 3.37mm
d; =0.00 mm d; =0 mm

IIE@:]

Figure 3: Geometries of the coils used in the &tmns. (Dimensions
of schematic drawings for illustration purposesyahd not to
scale.)

2.5.2 Experimental verification

To verify the simulation results, static force maasnents of the transducer
with the reference coil were performed. Isolatecopmy wire with a
diameter of 4Qum was used. The total length of the wire of thd vas
1.75 m (cf. Eq. 2.2), resulting in 166 turns of toil and a filling facton

of 0.35.
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The force generated by the transducer was meassheg a Mettler Toledo

Type AG 204 scale. The resolution of this scale.ismg, corresponding to
a force resolution of approximately 0.pRl. To avoid interactions between
the transducer and the scale, the coil was sejpiafiettn the surface of the
scale using a 2 cm block of synthetic material (P¥Cwhich the coil was

attached. A constant current of 16 mA was appl&dgia Keithley Source

Meter 2400, which resulted in a current densit{/4.d6 A/mm2.

The magnet was mounted on an x-y-z displacemerersy$Newport 4-

Axis Motion Controller MM 4005). The magnet was movinto a field of

5,6 mm x 5,6 mm x 2,4 mm using a step size of 012 imhe measurement
was automated using a LabView program which wagsl usedrive the

displacement system and for data acquisition from dcale. After each
displacement of the magnet, the system was allowestabilize for 6 s,

resulting in an approximate total measuring timé®hours.

2.6 Results

2.6.1 Computer simulations

Reference coil

The left-hand diagram in Fig. 4 shows the axiatéoas a function of the
width of the air gap z and the radial displacemgntf the permanent
magnet. The right-hand side of Fig. 4 shows thdoreforce field, i.e. the
axial and the radial component, as a function efrédial displacement of
the magnet at a fixed air gap of 0.2 mm.

For any constant radial displacement r, force desae for larger air gaps z.
For small air gaps (z < 0.6 mm), there are two sEpamaximums as a
function of the radial displacemerg. For larger air gaps, the two
maximums merge into a single, initially broad maxim The maximal
force Ry = 0.52 mN is obtained g = 0.8 mm and the shortest air gap
considered, z = 0.1 mm.
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p [mm] (F,)

Figure 4: left: Force Fin z direction in dependence of the air gap z and
the radial displacemern of the reference coil. Right: Vector

of the total forcef:mtfor a constant air gap= 0.2 mm of the
reference coil. The component scale for the lenftie force

Fp is the same as for the perpendicular forgson the

ordinate. The vectors start on the abscissa (B at the point
of their lateral displacemejpt

The right hand side of Fig. 4 shows that the fascgurely axial in the
center of the coilg= 0 mm). For any othep, there is a radial component,
which is greatest above the edge of the @il 1.8 mm).

Variations of the design parameters of the electroagnetic transducer

Fig. 5 shows the results of the simulations of déel force for the four
other coils with maximal and minimal coil diameteasd coil height,
respectively. For coils a.) and b.) (maximal heightl maximal diameter),
the force as a function of the radial displacengeaind the air gap shows
qualitatively a similar behavior as the refereno#: ¢there are two separate
maximums for small air gaps z which merge intorayle, relatively broad
maximum at larger z. However, compared to thereefge coil, the
maximal force is 12% smaller in case a.) (maxim&ght) and by a factor
of 2.0 in case b.) (maximal diameter).

For coils c.) and d.) (minimal height and minimérdeter) there is only a
single maximum at any air gap z for the given dgtavameters. For short
air gaps, i.e. z = 0.1 mm, the maximal force igéarby a factor of 1.9 and
2.2 respectively than for the reference coil.
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a.) Maximal height b.) Maximal diameter

02
04

06
z [mm]

c.)Minimal height d.) Minimal diameter

Figure 5: Results of simulations for 4 differentlgeometries, as listed
in Fig. 3.

2.6.2 Experimental verification

Fig. 6 shows a comparison of the axial forces forgaps z = 0.2 mm
through 0.8 mm in steps of 0.2 mm for the refereswik The results of the
simulations (c.f. Fig. 4) and the measurements @oéted in the same
diagrams to facilitate comparison. A good qual@tiand quantitative
agreement, for the most part within a few percecas, be observed. The
largest difference of 15% is observed at z = 0.2 amah r = 0.8 mm. There
is a small asymmetry in the experimental resultth wespect to radial
displacement, which cannot be found in the simaoietiand is probably due
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to a small deviation of the relative axes of thé-omgnet system from the
axes of the x-y-z displacement system during measents.

05 T T T T T 04

04

03

02

01

F, [mN]

F, [mN]

Figure 6: Comparison of the results of the compsit@ulations (dashed
lines) and the actual experiments (solid lines)dwrgaps of
0.2 mm, 0.4 mm, 0.6 mm and 0.8 mm.

2.7 Discussion

For the reference coil, the force generated by tthasducer was both
simulated and verified experimentally. The resutté our computer
simulations and of the experiments are in goodegeat, confirming the
correctness of the computer simulation approachl.uEke actual time to
perform a complete set of simulations (i.e. theadat one coil, as shown in
Fig. 4) is approximately 70 hours on a Sun Ultrasd® Workstation. This
is substantially longer than the actual measuringe tof 18 hours for a
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measurement. However, sixteen times more data beee covered per
simulation than in the measurement, and preparimga experiment using
a different coil is considerably more time consugnithan preparing a new
set of simulations. Therefore, we prefer the sitoita method for
systematic parameter variations.

A practically useful implantable transducer shobled able to generate
forces corresponding to acoustic sound pressuraslenf at least 110 to
120 dB SPL. According to data presented by Manifia 120 dB SPL
corresponds to forces of around 0.9 mN. For thesttacers considered in
this research, this value can be reached only oy dut of five sets of
design parameters, stressing the importance of atanpided optimization.

In principle, the generated force by the transdwmm be increased by
increasing the current through the coil. For cugem the order of
magnitude of 16 mA (P=6.4mW) considered in thiseagsh, tissue
warming is not an issue. However, total power camsion and,

consequently, the battery life of the hearing aiday be severely
compromised by higher currents. For piezoelectrandducers, power
requirements of 2.5 mW for an output corresponding20 dB SPL at 1000
Hz was reported [18], which is reasonable for imfdhle hearing aids.
However, if an increase in power consumption byaetdr of 10 should
become necessary, it would compromise the useflne$ the

electromagnetic transducer significantly.

The highest output is reached by the two coilsuféiad minimal coil height
and minimal coil diameter. These are the only twalsc which are
completely filled with wire, i.e. where there is aw left in the center of the
coil. As a consequence, the maximal force is hidjtyea factor of 1.9 or 2.2
respectively than for the reference coil. As a dragk, the setting is more
sensitive to lateral displacements between coil amagnet. A radial
displacement op = 1 mm causes a drop by 6.2 dB (coil with minimal
height) or 8.8 dB (coil with minimal diameter). ¢ontrast, for the reference
coil, at an air gap z of 0.5 mm, the drop for aabdisplacement of 1 mm is
virtually zero. In other respects, all coils behaimilarly. Most important,
an increase in the air gap z from 0.2 to 0.5 mmlte$ a comparable drop
in force by 3to 4.4 dB.

Therefore, two different strategies can be purdnearder to optimize the
transducer. Maximal force can be optioned by fijlthe coil with wire all
the way to its center. If an air space is left ojprethe center, maximal force
drops by a factor of approximately 2, however,sstem becomes tolerant
to radial displacements by up to approximately 1.mm
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2.8 Summary

A contactless electromagnetic transducer designinfigmantable hearing
aids, consisting of a coil and a permanent magseinvestigated. The
transducer is intended to be implanted in the neidglr using a minimally
invasive surgical procedure through the externadlitaty canal. The
transducer is investigated and optimized using adgerpsimulations for
different coil designs and for a range of radiaptficements and air gaps. A
subset of the simulation results are verified expentally in a laboratory
setting. Results from the simulations and the erpamts were found to be
in reasonable agreement.

It is shown that the proposed transducer designataa size and geometry
which should allow an implantation through the ex#¢ auditory canal,

provide an acoustic output corresponding to 120S#.. It is shown that

the transducer can be optimized either to maxirizgput levels or to be

tolerant of radial displacements of up to 1 mm leetavcoil and magnet.
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Chapter 3: Anatomical study of the human
middle ear for the design of implantable
hearing aids (published in Auris Nasus Larynx)

In this chapter a set of morphometric data is geiedt which is mandatory
for the design of the CLT, DACS and also for othEIS which requires the
space available in the middle ear cavity. The dats generated using
computer tomography (CT) scans of human heads postm. These data
were statistically examined on different factors.

Stieger C, Djeric D, Kompis M, Remonda L, HausleARatomical study of
the human middle ear for the design of implantdigaring aids. Auris
Nasus Larynx 2006;33 (4): 375-80.
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3.1 Abstract

Objective: To generate anatomical data on the humédle ear and
adjacent structures to serve as a base for thdaggrent and optimization
of new implantable hearing aid transducers. Imjglalet middle ear hearing
aid transducers, i.e. the equivalent to the loualspe in conventional
hearing aids, should ideally fit into the majord§ adult middle ears and
should utilize the limited space optimally to aclesufficiently high
maximal output levels. For several designs, moratanical data are
needed.

Methods: Twenty temporal bones of ten formalin-ixadult human heads
were scanned by a computed tomography-system (Gigua slide

thickness 0.63mm. Twelve landmarks were defined &dd different

distances were calculated for each temporal bone.

Results: A statistical description of 24 distantethe adult human middle
ear which may limit or influence the design of nm&ear transducers is
presented. Significant inter-individual differencdsut no significant

differences for gender, side, age or degree of padmation of the mastoid
were found. Distances, which were not analyzeditlfer first time in this

study, were found to be in good agreement with risults of earlier

studies.

Conclusion;: A data set describing the adult humaddla ear anatomy
quantitatively from the point of view of designeo$ new implantable
hearing aid transducers has been generated. Irtigdan the method
employed in this study, using standard CT-scansidcalso be used
preoperatively to rule out exclusion criteria.

3.2 Introduction

Extensive work on the anatomy of the human earbleas published [1, 2,
3]. Furthermore, the dimensions of the ossiclegaots of these, such as the
superstructure of the stapes, have been studigdetail [4, 5].

Nevertheless, data on the dimensions of the freeesn the middle ear,
especially quantitative data on distances which ao¢ important in
conventional middle ear surgery, are rare. The kedge of such data is
important when designing middle ear transducerstdeally or partially
implantable hearing aids.
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Middle ear transducers, i.e. the equivalent of tleeidspeaker of
conventional hearing aids, are the most importaatt pf implantable
hearing aids [6]. Middle ear transducers are desigio be placed either
partially or completely in the middle ear cavitydashould ideally be
implantable in any adult patient’s ear. Howeveis th not always the case.
Massen et al. [7] reported that for one specificsigie (TICA [8])
implantation was not possible in 11 out of 50 hurteanporal bones due to
anatomical constraints. They proposed an X-Ray @mdbased method
where the distance between the sinus sigmoidedishe@nposterior wall of
the external auditory canal was measured in ortter evaluate
implantability preoperatively. Similarly, Esselmaeanal. [9] and Dammann
et al. [10] proposed CT based surgical plannirg) tast fitting procedures
for two different implantable hearing aids (TICA] [8hd MET [6]) using
3D-reconstruction. However, overall time for a s$ingeconstruction
amounted to 4-6 hours [9] or 50 min [10] respedtiv These studies
indicate that a criterion for testing implantalyilitpreoperatively for
implantable middle ear transducers is in demandreMmportantly, they
emphasize the importance of the availability ofatde anatomical data
during the design phase of any new implantableihgaid transducer.

The primary focus of this study was to determirsetaof human ear lengths
and ranges of the most important distances, whiflbence the design of
implantable middle ear transducers. In additiore thethod for these
measurements was chosen in a way that makes posdgibtt applicability
in vivo, so that it can be used to verify implantabiligfdre surgery in the
future.

3.3 Material and Method

Twenty temporal bones of ten formalin-fixed humaads (4 females and 6
males) with an average age of 77.4 years (rangéo683 years) were
provided by our university’s Department of Anatomyn this study, the
bones were obtained from donors with no known afickl problems. The
heads were scanned axially with a multidetector (8WCT (Light Speed
Ultra, GE MedicalSystems, Milwaukee, Wis, USA). Tibowing standard
parameters for clinical temporal bone examinati@nenapplied: kilovoltage
setting of 120 kV; tube current, 160 mA; collimatid x 1.25 mm; table
feed, 5 mm per rotation; rotation time 600 ms. 8ty the slide thickness
and the increment from slice to slice were reduoe@l 625 mm. Each voxel
was measured 0.2 mm x 0.2 mm x 0.625 mm. Two votuofel0 cm x
10 cm x 5 cm centered around the stapes of eachezaranalyzed.
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In order to reduce the actual complexity of thetamy of the middle ear,
we defined 12 landmarks, numbered 1 through 12¢hwvhare relevant for
the design of middle ear transducers (Fig. 1).

Figure 1: Schematic view of the middle ear withidhcnerve and
definition of the anatomical landmarks

1. Tip of lenticular process of incus (process&umitularis
incudis)

2. Tip of manubrium mallei

3. Pyramidal eminence

4. Posterior border of annulus

5. Posterior border of oval window niche

6. Anterior border of oval window niche

7. Highest point of promontory (shortest distare t

manubrium mallei)
Short process of the incus (crus breve incudis)
9. Vertical part of facial canal (shortest distat@@osterior
border of annulus)
10. Second genu of facial canal
11. Most inferior part of the articulation of malkand incus
12. Top of the corpus incudis



Morphometric data 55

The coordinates of each landmark were measured) usiageJ Software,
version 1.30 (National Institutes of Health, USAedware). Nine of these
landmarks were directly and unequivocally identifain the CT images
(Fig. 2). Three landmarks, i.e. 4, 7, 9, requiretthea selection out of
multiple points (e.g. 4a, 4b) in such a way thagiwen distance (2-7 or 4-9
respectively) was minimized (Fig. 2).

Figure 2:  Typical subset of slices out of a riglar CT scan used for
identification of landmarks 1-12. Slices are arehgin
increasing order (inferior to superior) startingthe top left
image. Landmarks 4, 7, 9 required a selection oftiplel
points (i.e. a, b) to find the minimal distancdvieen 2-7 or
between 4-9.

Theoretically, 66 distances can be determined letwany given 12
landmarks. We confined ourselves to a subset ofirfsbrtant distances,
marked with capital letters A through X (Table @jich may reasonably be
expected to have an impact on the development plaimtable middle ear
transducers [11]. All distances were calculatedmatically using Mathcat
Software (Mathsoft Inc, Cambridge, MA, USA). Statial analysis was
performed with R: a language and environment fatistical computing (R
Foundation for Statistical Computing, Vienna, Aigtand SPSS (Version
13.0.1, Chicago IL, U.S.A)). As normal distributgooould not be assumed,
unpaired Wilcoxon rang sum tests were used to 8886 confidence
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intervals of the median for differences betweenesand females. Paired
Wilcoxon rang sum tests were used to analyze defight differences,
respectively. A scale with four degrees of pneunaditbon (DP1-4) [7] was
used to classify each temporal bone. DP1 denotesiaatoid with
exclusively little and small cells, DP2 a mastoidhwpredominantly small
cells, DP3 a mastoid with predominantly large calis DP4 a mastoid with
exclusively large cells [7]. Series of JonckheerepEtra tests (SPSS, 2-
tailed Monte Carlo significance) were performed tpantify the
dependency of each anatomical distance considerétis study with the
degree of pneumatization. 95% confidence interghlhe linear regression
coefficients of the distances versus the age obtligects were calculated.
No Bonferroni correction was used for these siatistanalyses, as
discussed below.

3.4 Results

All CT scans were reviewed by an experienced neadmlogist and an
experienced ENT surgeon and were found to be oflélss quality and
showed no abnormal anatomies of the temporal bbaigle 1 shows mean
values, medians and 95% confidence intervals of rtredians for all
examined distances A-X.

Figure 3 shows a graphical representation of tha,dgiving quartiles,

minima and maxima for each of the distances. Fostnulistances, the
difference between the 1st and the 3rd quartila the order of magnitude
of 1 mm, with most absolute lengths lying betweemgé and 8 mm.

However, for several distances (e.g. D, Q, V, Xg extreme values are
considerably (more than a factor of 2) farther aghan the distance
between the 1st and 3rd quatrtile.
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Table 1: Definition of 24 distances A through X darstatistical

distribution.
Distance Endpoints Mean (mm) Median 95 % confidence
Label Landmarks (mm) interval of median
(mm)
A 1-12 6.3 6.3 6.1-6.6
B 2-7 2.1 1.9 1.7-2.3
Cc 4-9 3.3 3.3 3.1-36
D 1-3 21 2.2 1.9-2.3
E 1-7 3.6 3.6 3.3-3.8
F 1-2 3.1 3.0 2.7-34
G 1-4 5.1 5.0 4.7-55
H 2-4 6.2 6.1 5.9-6.5
| 1-5 4.1 4.2 3.9-43
J 1-6 4.0 3.9 3.7-4.1
K 1-11 3.2 3.2 3.0-34
L 2-5 4.8 4.7 4.4-52
M 2-11 5.0 5.1 4.8-5.2
N 3-5 4.2 4.1 3.9-44
0] 3-6 3.0 2.8 2.8-3.2
P 3-7 4.6 45 4.3-49
Q 3-10 3.3 3.2 3.0-3.7
R 4-6 7.9 7.8 7.6-8.3
S 4-7 7.1 7.1 6.7-7.5
T 5-7 3.6 3.7 3.3-3.9
u 6-7 4.4 4.2 4.0-4.7
\Y, 6-9 7.7 8.0 7.1-8.2
w 8-10 3.8 3.7 3.6-4.0
X 9-10 4.1 4.1 3.75.1

For several contactless electromagnetic transddesigns employing a
moving permanent magnet [e.g. 11, 12], probably thest important
distances are B, E, F and G. Distance B, the mindlistance between the
tip of the manubrium mallei to the promontory, ensiderably smaller than
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E, the distance between the promontory and theftifine long process of
the incus. This holds true for all quartiles. Theaflest measured value was
1.3 mm for B and 2.7 mm for E. Likewise, distancei.E. the distance
between the tip of manubrium mallei and the tioofy process of the incus
is considerably smaller than G, the distance batwtbe tip of the long
process of the incus and the posterior bordereftiddle ear cavity for all
quartiles. Minimal measured values were 2.0 mnifand 3.7 mm for G.

Boxplot of all distances
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Figure 3: Distribution of all 24 distancestArough_X Boxplots denote
quartiles as well as minimal and maximal values.

Figure 4 top shows the differences between maldsfemales for each of

the 24 distances; figure 4 bottom shows a simégrasentation for left-to-

right differences. In both figures, a value of 0 rdenotes identical lengths
across gender or side, respectively. The tick exgdch bar indicates the
difference of the median distances; the lengtthefliar corresponds to the
95% confidence interval of the differences.
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In figure 4 top, all 95% confidence intervals imbduthe value 0 mm,
showing no significant differences between genda&lismedians are in the
range of -0.4 mm to 0.5 mm and the length of tefidence intervals are
in the range of 0.3 mm - 1.7 mm.

Amale«female (m m)

Ajefterigne (MM)

Figure 4:

Gender related difference (95% confidence interval)

ABCDEFGHI JKLMNOPQRSTUVWX

Side related difference (95% confidence interval)

ABCDEFGHI JKLMNOPQRSTUVWX

Median values and 95% confidence inisrvaTop:

Differences between male and female subjects. Botto

Individual left-to-right differences.
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In figure 4 bottom, two confidence intervals, H a@@dexclude 0 mm. The
differences are 0.7 mm for H and 0.9 mm for S. Témegths of the
confidence intervals are in the range of 0.2 mn8-r@m.

The degree of pneumatization (DP) as described agdgen et al. [7] was
determined for all temporal bones. One temporalebmas classified as
DP1, seven temporal bones as DP2, nine temporasbas DP3 and three
temporal bones as DP4. Two-tailed Jonckheere-Trarpsist showed a
significant (p < 0.05) trend only for the distaricend no significant trends
for the other 23 distances. The single signifidaemd found was negative,
i.e. distances | tend to decrease with increasihg (Fig. 5).

I: Pneumatization vs. lenght

o
o A + Single measurement
- — Median
e~
E o
T
S < - ; % ==
k% +
™
N
o T
1 2 3 £
Degree of Pneumatization
Figure 5: Distribution of the values for Distanteversus degree of

pneumatization.
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Regression correlation coefficients for each of2halistances A through X
versus age was calculated and yielded values betw@®6 to + 0.08. The
95% confidence interval for the largest correlatimefficient was —0.02 to
0.15, suggesting no relevant age dependency foratige of ages included
in this investigation.

3.5 Discussion

The main purpose of this study was to describeattomy of the human
middle ear quantitatively in such a way that it s@nve as a sound basis for
the development of novel middle ear transducersirfgolantable hearing
aids.

The most restraining distances for several types ooitactless

electromagnetic transducer designs employing a mgopermanent magnet
[e.g. 11, 12] are the minimal distance betweentifneof the manubrium

mallei and the promontory B, between the promontamy the tip of the

long process of the incus E, between the tip ofntamubrium mallei and

the tip of long process of the incus F, and betwdentip of the long

process of the incus and the posterior border efrtiddle ear cavity G.

These distances directly limit the maximal volunfesach transducers and
therefore influence the maximal acoustic output.

As B was smaller than E through all quartiles, Battis, the distance
between the tip of the manubrium mallei and themmetory, limits the
maximal height of this type of transducer. Our datmygests that this
dimension should not exceed 1.3 mm if the transduses the entire space
between the promontory and the manubrium mallei.

On the other hand F, i.e. the distance betweertiphef the manubrium
mallei and the tip of long process of the incus;aasiderably smaller than
G, the distance between the tip of the long procdsthe incus and the
posterior border of the middle ear cavity. Therefdf rather than G is the
limiting distance for the design of a permanent n@gttached to the incus
[11]. The minimum was found to be just below 2 mwhich led to a
magnet radius of 1.7 mm for the design describegtieger et al. [11].

However, these relations show only the applicatibthe measured data to
one specific type of transducer. Most of the otl® distances are
potentially useful for the design of other conceptsmplantable hearing
aids. Furthermore, our statistical analysis showrat the distances in
middle ear are basically independent of gender,e,sidegree of
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pneumatization or age within the range considekslertheless, our data
suggest that there is a statistically significafit-to-right difference for the
distances H and S (Fig. 4). However, when calauja8 different 95%
confidence intervals (cf. Fig. 4), statisticallpproximately 2 of them (5%
of 48) can be expected to fall out of the intervaen if there is no
statistically significant difference. Additionallpur data suggest decreasing
distance | for increasing degree of pneumatizatidgain, such a result can
be expected if tests with 24 variables are perfdrraad no Bonferroni
correction is made (Fig. 5).

Because formalin fixed human temporal bones hawn hesed for this
study, CT images with a relatively high resoluticould be obtained
without any exposure to living human subjects. Heaveformalin shrinks
some soft tissue considerably, e.g. by approxima88b for the human
brain compared to living tissue [13]. We could rfotd data on the
influence of formalin on the distances of the middar. However, a limited
comparison of our results with the results of movmeasurements by Luntz
et al [14] is possible. The distance between heftithe short process of the
incus and the tympanic segment of the facial céviaovers the range of
2.5 to 4.8 mm (average 3.8 mm) in our study andeiy similar to their
data (range 2.0-4.8 mm, average 3.3 mm).

Our results found by CT are reasonably consisteittt #ose found in

guantitative anatomical studies using extractionndfvidual ossicles. The
total height A of the incus in our study (range-3.2 mm, average 6.3 mm)
is similar to the findings by Olszewsky et al. [alverage 7.21 + 0.19 mm
standard deviation) and that found by Kikuchi [{B&nge 5.4-7.0 mm,
average 6.5 mm).

Sorensoen et al. [16] presented a method to genezatporal bone data
with a much better resolution (voxel size fifh). However, such a high
accuracy does not seem to be justified for the Idpweent of middle ear
transducers and could not be reproduced in vivasgess implantability
preoperatively. As the ossicles in the middle eawvendue to the static
pressure in the order of 1 mm [17], the accuracypwfdata of 0.68 mm,
which corresponds to the length of the diagonalon&é voxel, seems
sufficient and reasonable. It should be noted thist accuracy has been
obtained using standard CT-equipment and a stard@rgrotocol, which
could be directly adapted to a simple pre-operativeduation of patients. In
contrast to computer-aided surgical planning toolshere manual
segmentation is still necessary [9, 10], this méthequires only the
determination of a small number of points in the<g@ns.
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3.6 Conclusions

A data set describing the adult human middle eatcemy quantitatively
from the point of view of designers of new implasi&a hearing aid
transducers has been generated. In principle, #tbad employed in this
study using standard CT-scans could also be ussperatively to rule out
exclusion criteria.

3.7 Acknowledgements
We would like to thank Ms. E. Spielvogel for the @ata acquisition.

3.8 References

[1] Djeric D, Savic D (1987) Anatomical charactéids of the fossula
fenestrae vestibuli. J Laryngol Otol 101 : 426-431.

[2] Donaldson JA, Duckert LG, Lambert PM, Rubel E¥892) Surgical
anatomy of the temporal bone. 4th edn. Raven Pisg,York.

[3] Lang J (1992) Klinische Anatomie des Ohres.(ierman] Springer,
Wien New York.

[4] aWengen D, Nishihara S, Kurkokawa H, Godde RI1995)
Measurements of the stapes superstructure. Ann @tahol
Laryngol 104 : 311-316.

[5] Olszewsky J, Latkowsky B, Zalewski P (1987) Mobométrie des
osslets de I'ouie pendent le dévelopement individigel’hnomme et
son utilié pour cophochirurgie [in French]. Les @ak dORL 22 :
488-492.

[6] Huttenbrink KB (1999) Current status and catiaeflections on
implantable hearing aids. Am J Otol 20(4) : 409-415

[71 Maassen MM, Lehner R, Dammann F, Liudtke R, ZertiP (1997)
Der Stellenwert der konventionellen Réntgendiagkoshach
Schuller sowie der Computertomographie des Felseslsei der
préaoperativen  Diagnostik des  Tubinger  implantieshar
Kochleaverstarkers. [in German] HNO 46(3) : 220-227

[8] Zenner HP, Maassen MM, Lehner RL, Baumann J@ysieffer H
(1997) Ein implantierbares Horgerét fur Innenohveethorigkeiten



64

Chapter 3

9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

— Kurzzeitimplantation von Mikrophon und WandleHNO 45 :
872-880.

Esselmann GH, Coticchia JM, Wippold FJ, Freksan JM, Vannier
MW, Neely JG (1994) Computer-simulated test fittid an
implantable hearing aid using three-dimensional €€ans of the
temporal bone: preliminary study. Am J Otol 6 : 740D.

Dammann F, Bode A, Schwaderer E, Schaich Mysdbemid M,
Maassen MM (2001) Computer-aided surgical plannifay
implantation of hearing aids based on CT dataVWfRaenvironment.
Radiographics 21(1) : 183-191.

Stieger C, Wackerlin D, Bernhard H, Stahelkampis M, Hausler
R et al. (2004) Computer assisted optimization aff
electromagnetic transducer design for implantabdaring aids.
Comput Biol Med 34(2) : 141-152.

Hough JDV, Matthews P, Wood MW, Dyer RK (2002)ddle ear
electromagnetic semi-implantable hearing devicesuRe of the
Phase Il SOUNDTEC direct system clinical trial. Dtdeurotol
23(6) : 895-903.

Quester R, Schoder R (1997) The shrinkag@d@human brain stem
during formalin fixation and embedding in paraffid. Neurosci
Methods 75(1) : 81-89.

Luntz M, Malatskey S, Braun J (2000) The amngitorelationship
between the second genu of the facial nerve andnthes: a high-
resolution computed tomography study. Am J Otob21686-9.
Kikuchi (1903) J. Beitrdge zur Anatomie desnsehlichen Amboss
mit Berlcksichtigung der verschiedenen Rassen.derman] Z
Ohrenheilkunde 42 : 122-125.

Sorensen MS, Dobrzeniecki AB, Larsen P, Fri3chSporring J,
Darvann TA. (2002) The visible ear: a digital imddwary of the
temporal bone. ORL J Otorhinolaryngol Relat Spe&54378-81.
Huttenbrink KB (1992) The mechanics and fuotiof the middle
ear. Part 1: The ossicular chain and middle earclasis[in German]
Laryngorhinootologie 71(11) : 545-551.



Chapter 4. Implantable hearing Systems:
Influence of different mounting parameters
of three different middle ear transducers
evaluated with a mechanical middle ear
model (submitted to JRRD)

This chapter consists of two parts. First a mecbahimiddle ear model
which has been used to characterize the minimallasive implantable
transducer (CLT) is presented. When developing imiddr transducers, it
is important to know the generated output at thegstof the cochlea. For
conventional hearing aids, this is performed mesmuthe sound pressure
level (SPL). As IHS transducers are generating deror displacements,
appropriate models are necessary to evaluate thastlucers. For IHS |

temporal bones are often used for characterizatidns chapter shows the
advantages of a mechanical middle ear model.

Then, the output of three middle ear transducersdifferent mounting

parameters is discussed. The mechanical middle neadel is used to
compare the CLT with other middle ear transducers

The chapter is submitted to Journal of RehabilitatiResearch and
Development.
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4.1 Abstract

Three different middle ear transducers for implalgahearing aids, the
driving rod transducer (DRT), the floating massis@ucer (FMT or vibrant

soundbridge) and the contactless transducer (CLarg wvaluated using a
life-size mechanical middle ear model and humarnpteal bones. Results
of the experiments using the mechanical model wéitgn the range of the

results for human temporal bones. However, reswits the mechanical

model showed better reproducibility. The handlifighe mechanical model
was found to be considerably simpler and less tioresuming. Systematic
variations of mounting parameters showed that tha&tipn and alignment

on the incus have virtually no effect on the outpiDRT transducer, the
mass loading on the cable of the FMT has a largpact on the output than
the tightness of crimping and the output levelhaf €LT could be increased
by 10 dB by optimizing the mounting parameters.

4.2 Introduction

Hearing disorders due to acoustic trauma, e.gutiirdirearm use, genetic
disorders or as a part of the ageing process aguédnt. Its consequences,
such progressive isolation and withdrawal from abcontacts are serious.
It is estimated that 16% of the population in USéhaearing troubles [1].
For several forms of hearing troubles, hearing eatls the preferred
treatment method. Despite substantial progresisdrea, conventional
hearing aids still suffer from a number of drawktmcsuch as feedback,
limited speech recognition due to residual distaidi of the loudspeaker or
occlusion of the external auditory canal. Implafgaiiearing aids have the
potential to solve these problems. Over the pastadies, different
implantable hearing aids have been developed [2A6] some have even
been commercialized [3, 5, 6]. In conventional heprids, the amplified
and preprocessed sound signal is emitted by a taieidoudspeaker into
the external auditory canal (EAC). The ensuing suess variations result in
vibrations of the tympanic membrane (TM), whichdedo a movement of
the ossicular chain of the middle ear (cf. Fig. The sound is then
transferred via the three ossicles (malleus MAL&KN, and stapes ST) and
the oval window (OW) to the cochlea, where the raeidal movement is
transformed into a neural response transmittedhieyatuditory nerve. In
contrast, implantable output transducers drive desicular chain directly
and thereby stimulate the inner ear. Thus, impldatautput transducers
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are the equivalent to the loudspeaker in conveatidrearing aids and
constitute key components of implantable hearidg.ai

The evaluation of implantable transducers is anomamt and non-trivial

part of the design an validation process. Outpwelie and frequency
response have been measured and reported usiegediffear models. In
simple, mechanical, non-anatomical models [7] , #mire middle ear
structure is missing and, therefore, the possidlito study the impact of
different mounting parameters are fundamentallyitéch In contrast,

human temporal bones [6-9] in vivo animals [8, 10] or in vivo human

subjects [12, 13] are much better in terms of angtor estimation of the
output levels obtained [14, 15]. However, the hangdbf such biological

models is delicate and time consuming (15). Funtioee, difficulties arise
for studies involving systematic variations of ope more mounting

parameters as individual differences of more thardB between temporal
bones exist [15-17]. Finally, reuse and conserwdiime are limited [18]. A

life-size mechanical middle ear model could redubese drawbacks
substantially and allow easier systematic measunsmef different

transducer designs.

The aim of this study is twofold. The primary aimasvto assess the
influence of the most important mounting parametefshree different

types of implantable hearing aid transducers by wedy systematic

experimental variations. For this part of the studylife-size mechanical
middle ear model [19] was used. As a necessaryopdiion, this middle

ear model had to be validated by comparative nieasents in real human
temporal bones.

4.3 Methods

4.3.1 Transducers

Three different electromagnetic transducers werestigated: a driving rod
transducer (DRT), a contactless transducer (CLTY a floating mass
transducer (FMT) (Fig. 1). All transducers stimathtthe inner ear by
applying a force to the the incus. The resultingrafions were then
conducted via the stapes and oval window to theriear.
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Figure 1: Schematic view of the three types ofigdcers: a) Driving
rod transducer (DRT) coupled to the incus (IN) &iaod. b)
Contactless transducer (CLT) consisting of a ctidcled to
the incus (IN) and permanent magnet attached toveide of
the middle ear cavity. c): floating mass transdu@evT)
attached to the incus (IN) via a crimp connectié) (EAC:
external auditory canal, TM: tympanic membrane, ihtus
(short process: solid line, lenticular processteatbtine), MA:
malleus (malleus head: solid line, manubrium maliwtted
line), ST: stapes, OW: oval window, ligamentum idisu
posterior (LIP) and ligamentum mallei anterior (LMARP:
reference point for systematic variations of theTDd®upling,
cf. text .

The driving rod transducer (DRT) (Fig. 1a) was &tom-made device
based on a similar principle as the commerciallyailable MET™

(Otologics, Inc., Boulder, CO, USA) transducer [&] the older totally
implantable cochlea amplifier (TICA) [16]. The DRJenerated a force
within a hermetically sealed casing which was fixedhe mastoid (bony
structure behind the external auditory canal).oligput force was applied
directly to one of the ossicles by means of a dagplod (Fig 1a).
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The contactless transducer (CLT) (Fig. 1b) was dhase a minimally

invasive implantable electromagnetic transducergdesiescribed in detail
by Stieger et al. 2004 [20]. It consisted of a minie disc-shaped coil
(outer diameter 4.2 mm, length 0.3 mm) and a peemamagnet (SmCo,
diameter 3.2 mm, length 0.3 mm, axial magnetizatiorhe coil was

attached to the wall of the middle ear cavity am& magnet is fixed to the
long process of the incus. A current applied to dbié induced a force on
the magnet which vibrated the stapes. This traresdwombined the
advantages of two previously presented contacHiestromagnetic designs
[3, 8]; i.e the external auditory canal remaineceropand a minimally

invasive surgical technique.

The floating mass transducer (FMT) (Fig. 1c) wasoanponent of the
commercially available Vibrant Soundbridge impldoiéa hearing aid
system (Vibrant Med-El, Innsbruck, Austria). It eisted of a moving
permanent magnet inside of a coil. Because ofrtedia of the mass of the
tiny magnet, the coil vibrated when an AC curremtsvapplied to it. The
FMT was attached to the incus, where it vibrateddssicular chain.

4.3.2 Mechanical middle ear model

A physical, life-sized mechanical middle ear modiest presented by
Taschke et al. [19] was used. This model consistedhree synthetic
ossicles (malleus, incus and stapes), a tympanimbrane and three
ligaments (ligamentum incudis posterior, ligamentunallei anterior,
annular ligament). and were mounted on a base (Hae2).
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NN

Figure 2: Life-size mechanical middle ear modelludang tympanic
membrane (TM), malleus (MA), incus (IN), stapes XST
ligamentum mallei anterior (LMA), ligamentum incadi
posterior (not visible). A FMT is attached to timeus (IN). A
laserbeam (LB) was directed to the backside ofdbiplate of
the stapes (ST). Sound input (SI) was applied tjnoan
acoustically sealed chamber on the reverse sidethef
tympanic membrane (TM).

The tympanic membrane was made of 0.1 mm siliadrber. It was
damped with a thin layer of vaseline on the pasdida. The ossicles were
made of a composite of epoxy resin and barite atthe average shape,
size and weight of human ossicles. The incudo-sliap@int was modeled
with a droplet of latex. As a consequence bothitices and stapes could
counter-shift in directions parallel to the stafmstplate in accordance with
the modes of vibration at the incudo-stapedialtj@nthe natural human
middle ear [18]. The incudo-mallear joint was rigithe annular ligament
was represented by a thin foil made of silicon eit(®.1 mm).The foil was
clamped between two brass plates, both containingole with the
dimensions of the oval window in the human ear. $tapedial footplate
was attached to the foil in this artificial ovalndiow. A sound chamber
(2 ml) corresponding to the external auditory cama$ mounted in front of
the tympanic membrane.
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The coil of the CLT and the driver of the DRT weatached to a small
custom-built mounting unit. The permanent magnettled contactless
transducer and the FMT were directly crimped to nimdel incus and, in
addition, fixed with a removable adhesive (Crystalth™ 555, Aremco
Products Inc, NY, US). The coupling rod of the DR@&s attached to the
ossicles with Crystalbond™ adhesive.

4.3.3 Human cadaver temporal bones

Four fresh human temporal bones were harvestedpeeskrved using a
1:10,000 merthiolate solution as described by Helilaet al. [18]. To

perform acoustical measurements with a laser vietem the laser beam
was focused on the stapedial footplate. This altbwisual access to the
middle ear cavity, which was obtained by means ehastoidectomy; a
common, routine, surgical approach [18]. A 2 ml rebuwchamber was
attached and fixed with cement (TempBond, Kerr @rgnge, CA, USA)

to the bony wall of the external auditory canal.

For all temporal bones, measurements were firstopaed without an
implantable transducer and then with an implantadsducer. For the DRT,
there was no visible difference in the placemengdach of the temporal
bones used. For the CLT, one implantation was paed with 0 mm offset
between the axis of the coil and the permanent etagnd one with an
offset of 2 mm to account for anatomic variations.

The preparation for the acoustical measurement tgmdroximately two
hours and the implantation of the transducers ditiadal 1 to 2 hours.

All acoustical and transducer output measuremerse vperformed in a
climatic chamber at temperatures of 36° +/- 2° @ arnrelative humidity
above 99% to prevent dehydration of the temporaklda1, 22].

The use of human temporal bones and the studyqmioteere approved by
the local ethical committee.

4.3.4 Equipment

Laser Doppler vibrometry is a standard measuremmebhod in middle ear
and transducer research [16, 18, 22-24] and wad tsemeasure the
displacement of the stapedial footplate (Fig. 3hese experiments.
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Computer
Control Signal Measurement Measurement
Generator driving signal stapes
(reference) displacement
A F 3

Mechanical a
model /

Temporal bone Probe

Trans- » Micro-

ducer phone

Laser
Loud- | | ,| Doppler
speaker Vibrometry

System

Figure 3: Setup for measurements on temporal bandsmechanical
middle ear. A signal generator drove either onahef three
transducers (a) or a loudspeaker (b). In the secasd, the
reference signal was given by the sound presswel le
measured by a probe microphone. The displacemeriheof
stapes was measured by laser Doppler vibrometry.

Two different types of measurements, acoustic atioit (marked (b) in
figure 3) and transducer output measurements (in(afigure 3) were
performed.

For acoustic excitation, a standard setup [14,wi8] a loudspeaker and a
probe microphone (ER-7, Etymotic Research, Elk @rdillage, IL, USA)
in an acoustic chamber connected to the exterrditcay canal was used.
The acoustical characteristic was defined as tester function between
an acoustical input at 90 dB SPL (sound presswrel)leat the external
auditory canal and the stapes displacement as meehby laser Doppler
vibrometry.

For the transducer output measurement in the meatelnd in the human
temporal bones, an electrical signal was applieectly to the transducer.
The transducer output measurement was defined easrahsfer function
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between an electrical input of 1 mW of the transdluand the stapes
displacement as measured by laser Doppler vibrgmetr

The stimulus signal was a sinus sweep between 10@rd 10000 Hz.
Signal analysis was performed in 21 consecutivelibctave bands within
this range. Reference signal levels were 90 dB &Rhe probe microphone
for acoustic excitation (acoustical measurementd)lamW electrical input
for the transducer output measurements.

4.3.5 Comparison of the mechanical middle ear model
vs. human temporal bones

In a first step the mechanical middle ear model e@spared with human
temporal bones. This included comparing resulté witoustical excitation
(Fig 3a) and results on transducer output measuresm@ig 3b) from
literature and from our own measurements.

The FMT transducer was tested in the mechanicatllmigdar model and
results were directly compared with human tempb@e measurements
previously reported by Winter [13]. For the DRT a@dT transducers,
temporal bone measurements were performed, asatodata is available
in the scientific literature.

The acoustical measurements in human temporal bev@s always
performed before implantation of the transduceorier to exclude effects
of possible alterations due to the explantantiorthef transducers. For the
mechanical middle ear, the transfer functions wereasured at the
beginning and the end of each session.

4.3.6 Systematic variation of transducer mounting
parameters

For the systematic variations of mounting paransetdre mechanical
middle ear model was used.

For the DRT two parameters were varied : (1) thetaxt point position of

the rod on the short process on the incus (tinoftgprocess labelled RP in
Figure 1a) and (2) the angle between the rod aedatis of the stapedial
footplate.
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For the CLT three parameters were varied: (1) thdthwvof the air gap
between coil and magnet, (2) the offset betweeraki® of the coil and the
magnet, and (3) angle between the axes of the asull the permanent
magnet.

For the FMT two parameters were varied: (1) thearsson-use of adhesive
additionally to crimping and (2) the presence weaite of a moderate mass
loading (150 mg) on the lead to the transducer disince of 4 mm from
the FMT.

The ranges of all mounting parameters were chtsarpresent realistic
anatomical and surgical variations [25]. The tirakenh for exchanging a
transducer was approximately 20 minutes. Changingingle mounting
parameter took approximately 5 minutes.

4.4 Results

Comparative measurements in mechanical middle eatemvs. human
temporal bones

Figure 4 shows stapes displacements as a functiofrequency for
acoustical stimulations at 90 dB SPL in all tempdyanes and in the
mechanical model at the beginning and the endeo$tidy.

Acoustical characterisation at 90 dB SPL
10

— -Temp bone 1
4 20 dB — -Temp bone 2
2 1 —+ -Temp bone 3
2 5dB —o -Temp bone 4
= 01 —e— Model (at beginning)
2§ ; -o-Model (at end)
O ~— Q

J
§ 001 EEEREEas
Q b
K
& 0.001
a

0.0001

Figure 4: Displacement of the stapes for an aamlstxcitation of 90
dB SPL
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All measurements produced a plateau from 100 HDWQOO0 Hz and then
decreased by approximately 40 dB per decade fohehidgrequencies.
Stapes displacements in the mechanical ear model laugyer for the higher
frequencies above 1000 Hz, than with the temparakb.

For the mechanical middle ear model, both sets eédsurements were
virtually identical (mean difference 1.0 dB). In D&t of 21 third-octave
bands, displacements differ by less than 2 dB.

In contrast, variations between the temporal boneasurements are
significantly larger than those of the mechanicadie ear model (range
from 10 dB at 1250 Hz to 55 dB at 10000 Hz).

Figure 5 shows the comparison between the mecHamidale ear model
and the temporal bones for all transducers. Thasthacer output
measurement of the driving rod transducer DRT wemwve in Figure 5a.
All measurements showed the same basic charamersinilar to the
acoustical model, i.e. they were flat up to appmately 500 Hz, then
decreased with a slope of about 40 dB per decadé&dquencies above
1000 Hz. They featured a resonance peak of appei®lyn10 dB around
800 Hz. Displacements for the temporal bones wiggbtly higher than for
the mechanical middle ear model for frequencieoweB800 Hz (mean
difference 7 dB) and virtually identical (mean difnce below 1 dB) for
frequencies between 1250 Hz and 5000 Hz. The m#égemethce between
the two separate measurements in the mechanicallenghr model was
below 1 dB. The difference between the two tempdo@bes is slightly
larger (mean 4.8 dB).

Figures 5b and 5d show the transducer output meamunts for the

contactless transducer CLT. For the first set ohsneements (Figure 5b),
the axes of the coil and the magnet were coinci¢@nmm offset). For both,

the temporal bone and the mechanical middle earemaamplitudes

decrease by approximately 40 dB between 250 Hz8800 Hz. However,

between 1600 Hz and 6300 Hz, the frequency respohtiee mechanical

middle ear model was somewhat higher than the teshgmmne. For the

entire frequency range, the mean difference betwieeitwo measurements
in the mechanical middle ear model was below 2 dB.

The second set of measurements (Figure 5d) refethet CLT with an
offset of 2 mm between the axis of the coil andnmmarent magnet. The
transducer output in the temporal bone and the amécal middle ear
model showed a plateau at around P for frequencies below 800 Hz.
Between 800 Hz and 10000 Hz, the amplitude drofiyyedi0 dB, similar to
the situation at 0 mm offset. Again, in the mecbhahmiddle ear model
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amplitudes were somewhat higher in the range betw&@0 Hz and
8000 Hz. The mean difference between the mechanicialdle ear

measurements was small (1.2 dB).

Figure 5¢c shows the transducer output measuremerthé floating mass
transducer FMT. The amplitudes increased for fragigs below 800 by
approximately 50 dB per decade, with a wide peaurd 800 Hz to
1600 Hz, and decreased by approximately 50 dBnhigiher frequencies.
Amplitudes for the mechanical middle ear model &hdo be somewhat
higher for frequencies below 1250 Hz and
range between 1250 Hz and 10000 Hz compared tdetig@oral bone
measurements, leading to a mean difference of 87o¢er the entire
frequency range. Mean differences between the mécddamiddle ear

measure
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ments were also 0.7 dB.
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Comparison of measurements in temporakebaand in the
life-size mechanical middle ear model for threasducers. a)
Driving rod transducer (DRT), b,d) Contactless sducer
(CLT) c) Floating mass transducer (FMT).
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4.4.1 Systematic variation of transducer mounting
parameters

Systematic variations of transducer mounting patarse have been
performed in the mechanical middle ear model. Eigushow the results of
the transducer output measurement of the drividgtransducer (DRT) for
systematical variation of two mounting parametBigure 6a shows that the
output varied by no more than 10 dB if the couplpmnt on the short

process of the incus was varied from 0.5 mm to 2, measured from the
reference point (tip of the short process of theus labeled RP in Figure
1). Figure 6b shows that the output remained witlainrange of

approximately 6 dB if the angle between the rod @nedperpendicular axis
of the stapes was widened from 7° to 34°.

L

DRT: Coupling on short process of Incus b) 10 DRT: Angle vs. footplate
0

0.01

Displacement of stapes
(pm)
¢ ° R
3 .
}
Displacement of stapes

0.001 F o 28°

0.0001 0.0001

100 1000 10000 100 1000 10000
Frequency (Hz) Frequency (Hz)

Figure 6: Influence of two mounting parameterstba output of the
driving rod transducer (DRT) measured in the meidzdn
middle ear model at 1 mW input. Coupling positiom the
short process of the incus (a) and angle versuplage (b) are
varied.

Figure 7 shows the transducer output measuremerthefcontactless
transducer (CLT) for systematic variation of airpgaffset and angle
between the axes of the coil and the permanent etadinthe air gap
between coil and magnet was widened from 0.2 tonhf® the output
decreased uniformly over the entire frequency rahgean average of
10.5dB (Fig. 7a). If the offset between the axdstte coil and the
permanent magnet was increased moderately froml@tmm, the average
amplitude over the entire frequency range decreagedo more than 4.6
dB. However, for larger offsets, the charactersstidé the curve changed
considerably. At 1.6 mm and 2.1 mm offset, ampbksiddecreased
predominately below 500 Hz by approximately 8 dB above 2000 Hz by
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approximately 12 dB with a much smaller decreasetivéen these two
frequencies. For an offset of 2.5 mm, the amplitudecreased by
approximately 29.0 dB over the entire frequencygea(Fig 7b). Figure 7c
shows that the maximal amplitude difference foriatoons of angles
between the axes of the coil and the permanent ebagrthe range of 0°-
20° was 2.6 dB (average over the entire frequeange). At 23°, a contact
between coil and magnet occured, turning the tnacesd into a highly
nonlinear system.

A\ CLT: Variation of offset
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Figure 7: Influence of three mounting parametersttee output of the
contactless transducer (CLT) measured in the meéchlan
middle ear model at 1 mW input. Air gap (a), offée} and
angle (c) between coil and magnet were varied.

Figure 8 shows the transducer output for the FMTnfimderate crimping
(i.e. crimping alone) and for tight crimping (i.erimping plus additional
fixation with CrystalbondTM adhesive), when the leatoom the transducer
was hanging freely (no load) and being loaded W mg. Measurements
for tight and moderate crimping with no load werdually identical. For
the loaded conditions, the amplitude was reducégdsn 700 Hz and 1500
Hz by up to 10.0 dB for tight crimping and 18.9 ftBB moderate crimping.



CLT evaluation 79

For moderate crimping with load, another outputuctin of up to 26.3 dB
was observed at frequencies above 5000 Hz.

10

FMT: Crimping/Load

0.1

0.01

-o-Tight/no load
-O- Moderate/ no load

0.001 § -o-Tight/ load I 5dB
-e- Moderate/ load

Displacement of stapes
(pm)

0.0001

100 10000

1000
Frequency (Hz)

Figure 8: Influence of two mounting parameterstba output of the
floating mass transducer (FMT ) measured in thehaeical
middle ear model at 1 mW input. Load on the lead an
crimping are varied.

45 Discussion

The main purpose of this study was to examine tifleence of different
mounting parameters on the output of three impldatamiddle ear
transducers, namely a driving rod transducer (DR®),contactless
transducer (CLT) and a floating mass transducerTFM total of seven
mounting parameters for these three transducers weasured in a life-
sized mechanical middle ear model. As a prelude andrerequisite,
measurements in the mechanical middle ear mode e@npared with real
human temporal bones measurements for each dfitbe transducers.

The output of the DRT was almost invariant for éxamined parameters in
this study. The exact positioning on the short psscof the incus and the
angle could be varied in a wide range with virtyaib influence on the
transducer output. The output will be thereforedharinfluenced by
individual alignment of implantation.

For the CLT, the output could be increased by uplB®y reducing the air
gap from 1.2 mm to 0.2 mm. If coil and magnet weod coplanar, the
angle between the two components had virtuallynfilaénce on the output
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level, as long as the magnet and the coil weretawathing (Fig. 7¢). The
influence of touching was highly non linear. Asansequence, an optimal
surgical placement (i.e. a small gap) is delicatealise of the danger of
direct contact. For practical applications, slightlarger gaps might
therefore be preferable.

Small offsets between the axes of coil and maghepdo 1 mm, i.e until

the axis of the magnet was directly coincident whk brim of the coill,

have little influence on the output. However, largdfsets (i.e. offset is
larger than the radius of the permanent magnet)ldHze avoided as they
reduce the low frequency output significantly. Thiay be due to the fact
that for large offsets, the component of the rarial force parallel to the
plane of the magnet and coil becomes dominant g therefore a
reduction of output force in the perpendiculaediton occurs. Results of
the mechanical middle ear model confirmed resulta computer model
[20] regarding the dependence of the expected boipthe width of the air
gap. However, this computer model alone could medigt the order of

magnitude of non-linearity when the two componeritthe system touch

For the output of the FMT, the quality of crimpisgemed to have virtually
no influence on the acoustical output, which cqroesis to the results of
Snik and Cremers [12]. They reported no significetringes in 5 out of 6
frequencies between 250 Hz and 6000 Hz if cemestugsad for additional
fixation.

According to our results, the load on the eleatrizable has more impact
on the output of FMT than using additional adhe$irehe crimping.

The life-sized mechanical middle ear model [19] vi@sd to be a useful
instrument to examine the mounting parameters eftridinsducers used for
this study as it allows systematic variations ohg& parameters.
Preparation time for a single set of measuremeats dvamatically shorter
than for human temporal bones. This is mainly duehe necessity of
extensive drilling and the more time consuming mimgnof the transducers
in a much more complex and limiting real anatomieavironment. In

contrast to human temporal bones, the mechanicddllmiear model was
available at any time and virtually for any duratié-urthermore, the
mechanical middle ear model was found to be stabée extended periods
of time, and repeated measurements were reproducdonfirming the

results of Taschke et al. [19] even for measuremevith implantable

transducers. In contrast, human temporal bonesocén be used for a
limited time[18], even when frozen and [24] intatividual variations in
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the order of magnitude of 10 dB occurred in age@nwith previous
reports [15-17, 22].

For frequencies above 1000 Hz for direct acousstiahulation (Fig. 3b)
displacements were approximately 7 dB higher fer tiechanical middle
ear model than for human temporal bones. This résih agreement with
the expected transmission loss in the incudo-nmaj@at for frequencies
above 1000 Hz [26]. In this study all investigateahsducers have been
coupled to the incus, i.e. after the incudo-mallgsnt. Therefore, the
performance of transducer output measurementseimtachanical model
are not expected to be affected substantially leyritidity of the incudo-
mallear joint. This has been confirmed by our measents.

Our results allow the direct comparison betweefiedint transducer
designs (Fig. 5). In this comparison, the FMTs&ducer generates smaller
displacements at low frequencies below 800 Hz wisimiresponds to one
limitation of the current audiological indicatio27]. The CLT generates
lower displacements than the other two transdugees in the frequency
range between 1000-3000 Hz. The DRT tends to bentbst efficient
transducer almost over the entire frequency range.

4.6 Conclusions

Implantable hearing aid transducers can be evaluasing the life-size
mechanical middle ear model [19]. Compared to tesi; g human
temporal bones, the handling was found to be simpled less time
consuming. Furthermore, individual parameters coub@ varied
systematically more easily than with human tempbiaies. Results from
the mechanical middle ear model and from human oeatbones were
found to be in reasonable agreement with all threesducer designs
considered in this research.

Regarding systematic variations of the mountingapeaters of the three
different middle ear transducers , it was found tha exact position of the
coupling point of the DRT on the short processtlsd incus and the
mounting angle are of minor importance for the leasad frequency
response of the transducer. For the output of thE,Fthe quality of

crimping was found to have little influence on theoustical output,
whereas the load on the cable to the transducemhgr@ater impact. The
CLT system was found to become non-linear for lasffsets and contact
between the components.
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Chapter 5: A novel implantable hearing
system with direct acoustical cochlear
stimulation (DACS) (published in IFMBE)

This chapter presents the concept of the DACS mystbe implantation
procedure is described. Finally results of theftficinical study are then
provided. They show that patients with severe coatbhearing loss can be
effectively treated with this new concept.

This chapter is the result of a strong collaboratibetweem the university
Department of ENT at the Inselhospital, the heaiimdustry, the cochlear
implant industry and microtechnology.

This chapter was presented of the 3rd European &&¢dind Biological
Engineering Conference EMBEC 2005, Prague, Czeghulitee, IFMBE
Proceedings Vol. 11.
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5.1 Abstract

Direct Acoustical Cochlear Stimulator (DACS) is &w, implantable

hearing system, which works on the principle o&diracoustic stimulation
of the inner ear fluid by the means of a power a@migtapes prosthesis. It is
intended for patients suffering from a combined dwartive and

sensorineural hearing loss. In a first clinicaldgtuthree patients were
implanted with the DACS device. The DACS transducerimplanted

behind the ear, using a retro-meatal microsurgaggbroach, developed
especially for this device. Preliminary results whan improvement of

speech recognition threshold in quiet of 52.5, 4h8 46 dB three months
after activation of the DACS device.

5.2 Introduction

Hearing losses are usually classified as a condejctiensorineural or
combined hearing loss. In conductive hearing lessnd is not transmitted
efficiently through the external and middle ear.alisensorineural hearing
loss, there is damage in the inner ear (cochleaj thre level of the auditory
nerve.

Severe combined, i.e. conductive and sensorinéhgating losses are a
difficult problem in rehabilitation. Such hearingoplems can be caused
e.g. by otosclerosis, where the stapes (the ossitieh is attached to the
oval window of the inner ear) becomes pathologycdiked and an
additional inner ear hearing impairment occurs. sehpatients are often
treated with conventional hearing aids which, hogsvewmostly do not offer
sufficient gain to overcome the conductive loss bfgm. Otological
microsurgery [1] such as stapedectomy allows treatrof the conductive
component of the hearing loss if caused by otossiser In this surgery, the
fixed stapes is removed and replaced by a stapsshasis. This prosthesis
performs a motile coupling to the inner ear fluRhtients have improved
hearing because of reduction of the conductiveihganss component but
the sensorineural hearing loss remains untreat&il [2

The aim of our research was to develop and evakatevel implantable
hearing system which would be effective in the tremnt of severe to
profound combined hearing loss. It works on thenggle of a power-
driven stapes prosthesis combining both of the elmogntioned therapies in
one single device. A conventional stapes prosthissiirectly coupled to
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the inner ear fluid treating the conductive hearlogs component. The
additional sensorineural component is correctedattgching this stapes
prosthesis to an implanted transducer which geeerdhe necessary
vibrating amplification. This innovative implantablhearing system is
called DACS, an abbreviation for Direct Acousti€dchlear Stimulator.
The DACS device was developed as a result of & dosperation between
specialists in microtechnology, otological micrageny as well as the
hearing aid and cochlear implant industry.

5.3 Materials and Methods
Description of the DACS device:

The DACS investigational device consists of the [BAGplant and the
externally worn DACS audio-processor.

The DACS-audio-processor consists of a microphaneamplifier with an
electrical output and a battery. It receives solmydthe means of a
microphone and calculates the individual electri@altput which is
transmitted via the percutanous plug to the DACS|amt.

The DACS investigational implant device consistsagbercutaneous plug
and a miniaturized hermetically sealed electro-raaatal driving system,
so called a transducer (Fig. 1). The mechanicapudubf the DACS

transducer drives a tiny rod. At the end of the, @dpecial crimping zone
allows the fixation of the stapes prosthesis dusuagery (Fig. 1).

Surgery:

The surgery presents a combination of conventiondtlle ear surgery and
cochlear implant surgery and can be divided inghrejor parts, i.e. (1)
positioning of the transducer, (2) coupling to theer ear and (3) fixation
of the percutaneous plug. For positioning of thensducer, a special
microsurgical procedure, the so called retro-measglproach, was
developed, whereby a small tunnel is drilled ingllat behind the external
auditory canal. A fixation system is adapted intilmnel in such a way that
the crimping zone of the clamped transducer istémtén the free space of
the tympanic cavity next to the incus.
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Figure 1: Schematic drawing of the DACS implantew through the
dissected external auditory canal (EAC) into thenpignic
cavity with the ossicles malleus (MA), incus (INydathe oval
window (OW). The posterior part of the tympanic nieame
TM is elevated and the stapes has been removed. The
transducer receives the signals from the audioga®mr (not
in figure) by the mean of the percutanous plug (Fnals
are transmitted from the transducer (T) via theptiag rod
(CR) and stapes prosthesis (SP) through the ovatlaw
(OW) directly to the inner ear. For reconstructioh the
natural sound transmission, a second stapes psistlie
positioned in the oval window and conventionalkefi on the
incus (IN).

For coupling to the inner ear, the ossified anedi stapes is completely
removed. Then, an off-the-shelf stapes prosthesisimped at the end of
the rod on the crimping zone and placed in the apah window to allow

acoustical coupling to the liquid of the inner €Bo. reconstruct the natural
sound transmission by the ossicular chain, a sectaples prosthesis is
placed in parallel to the first into the oval windand attached to the incus,
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as is performed in conventional stapedectomy. Tfenmval window with
the two stapes prostheses is sealed with adipsmeeti

The percutaneous plug is fixed on the skull with-sgping titanium bone
screws .

Laser Doppler vibrometry (LDV):

The order of magnitude of vibrations in middle eawechanics are
approximately 18 m for 100 dB SPL (sound pressure level) for fremies
below 1 kHz [4]. This relationship was used to cemidisplacements into
“equivalent sound pressure level”. Laser Doppldsrainetry, providing
measurements of such amplitudes, was used to detertime transducer
output and to assure the functionality and intggoit the DACS implant
during the surgery (Fig. 2). Thereby, the tran$fiecction of the transducer
is measured. The input of a 0.1 to 10 kHz sweegivien by a computer
driven signal generator. A custom made insulatiompléier intersects the
patient from the supply voltage of the computestérile stimulation cable
is connected to the percutanous plug of the DAQ3annt.
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Figure 2: Setup of the intraoperative measuremgtiteoDACS implant
(T: transducer, PP: percutaneous plug). The Lasmwpl@r
Vibrometer (LDV) measures the displacement of thepting
rod (CR) for an electrical input signal provideddwgterile and
galvanic isolated connection to the signal generato
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The coupling rod vibrations are measured by thet&8oppler Vibrometer
system HLV 1000 (Polytec, Waldbronn, Germany) mednton the
operating microscope. The laser beam must be adjust the coupling rod
by the surgeon using a small sterile joystick.

Isolated temporal bones and human heads:

Temporal bones and 27 isolated human heads werk tasevaluate the
transducer and to develop the surgical procedurerfolantation.

Patients:

Three patients have so far been included for thésiminary clinical study.
The Declaration of Helsinki was strictly followedll patients suffered
severe profound combined hearing loss. Their caivBichearing loss
component was due to otosclerosis. They were expezd hearing aid
users. The preoperative hearing loss was 101, 85/@ndB in pure tone
average PTA, i.e. the average of the pure tonesshiotds at 0.5, 1, 2,
4 kHz.

Table 1: Overview of patients under assessment
Patient No. Gender Age g?'amed
01 M 35 Right
02 F 60 Right
03 M 54 Left

Audiological test:

Pure tone audiometry and speech audiometry werdorpexd pre-
operatively and 1, 2 and 3 months postoperatilye tone average (PTA)
was measured as a mean value of the thresholds,at,®, 4 kHz for bone
conduction and air conduction.

Speech audiometry was used in order to quantifyotrerall hearing gain

with the DACS device [5]. For this purpose, speeeteption thresholds
SRT were measured. They represent the presenthieis which are

required for 50% speech-intelligibility in quiett ivas assessed using
headphone measurements and free-field measuremigmtand without the

DACS.
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5.4 Results

The DACS device was implanted first in isolated penal bones and then
in 27 isolated anatomical human whole head prejossat Measurements
using contactless laser Doppler vibrometry showerdequivalent sound
pressure of maximally 140 dB SPL (125 SPL broadpamplied to the
inner ear fluid at a 1 mW power level.

After these successful preliminary experiments, BW&CS device was
implanted in 3 adult patients. Surgery, intra-ofieea measuring and
postoperative recovery was unremarkable. The DA@$Hoaprocessor was
activated one month after implantation. It wasefittwith a non-linear
strategy, common today. Very low level input signare suppressed in
order to suppress background noise. On the othwt, ilhe maximal output
(MPOQ) is strictly limited to inhibit the potentiaif overstimulation for any
input signal. Figure 3 shows patient no. 2 with #teached DACS audio
processor.

Figure 3: Externally worn DACS audio processoracitd to the
percutanous plug. Sounds are received by the nfiormp
signal processed and transmitted to the implant&dC®
transducer via the percutaneous plug.

Audiological testing after 3 months showed a PTArhveg improvement of
52.5, 30.5 and 55 dB for the activated DACS. Ewden the DACS was
not activated, patients had a postoperative PTAitngamprovement of 15,
20 and 24 dB because of the stapedectomy alonefiwdiion of the second
stapes prosthesis on the incus. Speech perceglicesholds are
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summarized in table 2. Subjectively, all patiemdi¢ate that their hearing
had improved by the stapedectomy alone and thaadtieated DACS lead
to a substantially improved gain and better qualitynearing compared to
the preoperatively used conventional hearing aids.

Table 2: Speech perception threshold (SRT) preatpely and at 3
month recovery time

Patient Unaided with DACS Improvement Improvement

No. preop postop DACS via the second
prosthesis
alone
01 92.5dB 40 dB 52.5dB 10dB
02 85 dB 37.5dB 47.5dB 27.5dB
03 78 dB 32dB 46 dB 21.5dB

5.5 Discussion

The improvements and absolute levels in speechepgon thresholds
(Table 2) demonstrate the functionality of the DA@Vice for the targeted
group in this preliminary study. The analysis ofgé improvements shows
one major advantage of the DACS principle. It aBaweduction of the two
causes of combined hearing loss. While the stapestipesis attached to the
DACS transducer is used for the therapy of the wotide part, the
amplification of the DACS transducer treats thesseimeural aspect. The
improvement by the stapes prosthesis of the DAC®lam can be
estimated by the second stapes prosthesis (tablelr?)patient 01, the
improvement of the SRT by the second stapedectdamgavas 10 dB and
therefore an amplification of DACS transducer igha order of 40 dB. On
the other hand, patient 03 shows an improvement tduehe stapes
prosthesis of 21.5 dB and, therefore, an amplificatof the DACS
transducer of 24 dB. This implies that the DACS thespotential of being
useful for any patient with audiologically measueatombined otosclerotic
hearing loss. Principally, the DACS device has @mpfibns beyond
otosclerorsis as it really by-passes the conduttdaging loss component of
mixed hearing loss.
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In contrast to conventional hearing aids, convemtiamplantable middle
ear hearing aids and middle ear surgery, the DAE®@cd provides a
therapy for combined hearing loss with a singleickv

The surgery for the implantation of the DACS deweas developed hand
in hand by otological surgeons and engineers résgemaximal safety for
the patient. As the surgical procedure presents ombmation of
conventional middle ear surgery and cochlear intptamgery, it can be
applied by experienced otological surgeons aft#alntraining, including
all steps of the surgical procedure.

In order to ensure that the implanted device wastfanal, laser Doppler
vibrometry measurement was performed. This measmenis very

sensitive and facilitates determining detailedestdtthe implant which was
very useful for the implantation in this prelimigaglinical study. However,
the laser Doppler vibrometer system used is nostgatdard equipment.

The percutaneous plug provides a direct electdoatact from the audio-

processor to the DACS implant and is, therefore,nttost efficient solution

in terms of energy transmission. However, seveaatmtial patients have
declined to participate in this study because ef gibrcutaneous plug. For
this reason, a transcutaneous RF transmissiony todé&andard for cochlea
implants [6] or implantable hearing aids [7] is lgideveloped for the

DACS device.

5.6 Conclusions

The newly developed DACS (Direct Acoustical Cochlegtimulator)
device is an active implantable hearing system aifyepatients with severe
combined hearing loss can be treated with a sishe\éce.

Preliminary results with the DACS device show tHakct stimulation of
the inner ear fluid by the means of a vibrating lempable hearing system is
possible and works well. The DACS device providesrapy for patients
with severe combined hearing loss with a singlé&imsent.

Postoperative measurements show that patients sétrere combined
otosclerotic hearing loss reach substantially highearing improvement
with the DACS than is obtained by otological suyger conventional
hearing aids alone.



94

Chaptei5

5.7 References

(1]
(2]
(3]
(4]

(5]

(6]

(6]

HAEUSLER R. (1993): ‘Surgical treatment postiies of middle
ear hearing loss’, Ther. Umsch., 50(9), pp. 653-62

HAEUSLER R. (2000): ‘Advances in stapes suygetaryngol-
Rhino-Otol., 79 (Supplement 2), pp. S95-139

SHEA JJ. (1998): ‘Forty years of stapes swygekm J Otol., 19, pp.
52-55

WINTER M, WEBER BP, LENARZ (2002): ‘Measurememtethod
for the assessment of transmission properties plintable hearing
aids’, Biomed Tech (Berl). ,47 (Supplement 2 P{ap),726-7.
KINKEL M., (2001): ‘Horgerate’, in LENARZ  E.LASZIG R.
(Ed): ‘Praxis der Audiometrie’, (Thieme, Stuttgafiew York), pp.
218.

VISCHER M, KOMPIS M, SEIFERT E, HAEUSLER R, @4):
‘The cochlear implant--evolution of hearing anddaage with an
artificial inner ear’, Ther. Umsch., 61(1), pp. 68-

aWENGEN D, (2004): ‘Implantable middle ear heg aids’, Ther.
Umsch., 61(1), pp. 47-52



Chapter 6: Conclusion and Outlook

This chapter includes a general conclusion for botimcepts which have
been developed and evaluated during this thesisodtiook is provided
further on.
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In this thesis, two different kinds of implantaltiearing systems have been
evaluated and developed. They work on differemigipies and focus on
different indications. The CLT (Contactless Trarsat) drives the ossicular
chain and is intended for the therapy of patienith wurely sensorineural
hearing loss. The DACS (Direct Acoustical Cochle&timulation)
stimulates the inner ear fluid directly at the stad the round window and
is focused on patients with combined hearing loss.

For the geometrical design of both transducers,ata det describing
guantitatively the adult human middle ear was ndeded therefore
generated. In principle, the method employed is #tudy using standard
CT-scans can also be used preoperatively to rulexalusion criteria.

6.1 Contactless transducer (CLT)

The CLT is based on a electromagnetic design withikand a permanent
magnet. It has two major advantages. It is, in remtt other systems,

minimally invasively implantable through the extermuditory canal. The

coil is fixed at the wall of the middle ear cavégd the magnet on the incus.
Due to the contactless concept, it does not gemeratatic preload on the
ossicular chain, as do other systems.

The CLT was optimized using computer simulations different coil
designs and for a range of radial displacementsaarghps. A subset of the
simulation results is verified experimentally idadoratory setting. Results
from the simulations and the experiments were foumthe in reasonable
agreement. It was shown that the proposed transdesggn could, at a size
and geometry which should allow an implantationotiygh the external
auditory canal, provide an acoustic output corradpt to 120 dB SPL.
The CLT can be optimized either to maximize outputls or to be tolerant
of radial displacements of up to 1 mm between and magnet. Based on
this study and the morphometric data, a tolerdrit @as designed.

The CLT was evaluated using the life-size mechamuddle ear model.
Compared to tests using human temporal bones,ahdlihg was found to
be simpler and less time consuming. Furthermordiyitual parameters
could be varied systematically more easily thanhwituman temporal
bones. Results from the mechanical middle ear madel from human
temporal bones were found to be in reasonable amneewith all three
transducer designs considered in this research.arBieg systematic
variations of the mounting parameters, the CLT &pstwas found to
become non-linear for large offsets and contaciveéeh the components.
The output is efficient for low and high frequersiHowever, in the
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important frequencies of the speech field, the pmmd output is

insufficient, also in comparison to other implaréatniddle ear transducers
(FMT, DRT) and the conventional hearing aid speskéfhe design

exhausts the geometry of the middle ear cavity thedaccessible power.
Therefore, an improvement in the output in the nometd frequencies is
hardly possible.

6.2 Direct acoustical cochlear stimulation (DACS)

The second transducer was developed for patients seivere conductive
hearing loss, for which no efficient therapy is itatale at the present time.
This implantable hearing system works on the ppilecof direct acoustical
cochlear stimulation (DACS) which is in contrastiddle ear transducers.
The DACS transducer drives a conventional stapestipesis coupled to the
liquid of the inner ear. The DACS system was img@drfirst in temporal

bones and then in isolated human heads and showedwavalent sound
pressure levels of 140 dB SBL (125 dB broadbang)ieg to the inner ear
fluid. The transducer was fixed in the bone behimelear. A percutaneous
plug provides the interface to the externally weaudio-processor. The
surgical intervention is a combination of cochleianplantation and

stapedectomy and must consequently be performedrbyexperienced

otologist.

Experience in the first clinical studies show thmtients with severe
combined hearing loss will accept an implantatioat is not categorically
minimally invasive, as they have a strong psychiclagstrain induced by
their hearing loss.

The device was for the first time implanted in thneatients in a pilot
clinical study at the ENT Department, Inselspitdhiversity of Berne,

Switzerland. A fourth patient was implanted at té&lH (Medizinische

Hochschule Hannover, Germany). All patients suffesesevere combined
otosclerotic hearing loss. Postoperative audioklgiesults with three
implanted patients are outstanding. They show patents with severe
combined otosclerotic hearing loss reach substhnti@igher hearing

improvement with the DACS than is obtained by ogidal surgery or
conventional hearing aids alone.

6.3 Outlook

Implantable middle ear transducers such as the @& in direct
competition with conventional hearing systems. ligeaa middle ear
transducer should be able to perform significab#§ter than conventional
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hearing aids and be implantable with a minimal ®adgintervention.

Unless both criteria are met, presumably they wafirdly find wide

acceptance by audiologists and patients. Theyanilure with patients who
have medical contraindications or strong aversiowatds conventional
hearing aids. As the CLT concept was not able ki fanth conditions, it

has not been propagated.

The DACS, on the other hand, has been develop¢defurThe results of
the clinical trail were outstanding. The pilot sfushowed high efficiency
with the DACS in patients with severe combined mepross due to
otosclerosis. However, further developments areesgary and currently
under development. Second generation of DACS dsvie#l provide
trancutaneous inductive transmission instead ofpieutaneous plug. A
newly developed fixation system will simplify thargical procedure. A
specially developed fitting strategy is being depeld to ameliorate
programming of the external audio processor. Anoamg PhD thesis (H.
Bernhard) elaborates on technology for further tgument of the DACS
transducer.

With this second generation, a multicenter studfimope and USA will
start in the year 2007 to expand the indicationglfe DACS device.
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