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Abstract

Background: To determine the dynamic range and the maximum output of three current middle ear implants and to discuss
optimal candidacy for middle ear implantation.

Study Design: Clinical study.

Material and Methods: Gain and output measurements were compared for three types of middle ear implants: the Otologics
middle ear transducer (MET), the Vibrant Soundbridge (VSB), and the Direct Acoustic Cochlear Stimulator (DACS). The per-
formance of these selected implants in users with severe, predominantly sensorineural, hearing loss (50-65 dB HL) was stud-
ied. Patients with chronic external otitis and sensorineural hearing loss used either a MET (n=9) or a VSB (n=9) implant. Pa-
tients with a predominantly sensorineural hearing loss after surgically treated otosclerosis used a DACS (n=4). Patients were
selected from two different implant teams but evaluated with the same protocol. The relative gain at threshold level was deter-
mined, viz. the bone-conduction threshold minus the aided soundfield threshold, divided by the bone-conduction threshold.
Input-output measurements were performed with the devices in linear amplification mode and with unlimited output. In this
latter data set, the maximum output and the input dynamic range of the devices were determined.

Results: The relative gain for each of the three implants was comparable; however, the values were slightly lower than the gen-
erally accepted target values. The input dynamic range of the devices varied, with the widest range for the DACS and Oto-
logics devices.

Conclusion: The results from this study indicate that the first generation DACS device is a good option for patients with mod-
erate/severe sensorineural hearing loss and surgically treated otosclerosis who require a hearing implant.

Key words: middle ear implants « implantable hearing aids « otologics MET « Vibrant Soundbridge « VSB « DACS « dynam-
ic range

MEJORA Y SALIDA MAXIMA DE DISPOSITIVOS AUDITIVOS IMPLANTABLES EN
PACIENTES CON MODERADA A SEVERA PERDIDA AUDITIVA NEUROSENSORIAL

Extracto

Antecedentes: Determinar el rango dindmico y la salida méxima de tres implantes actuales del oido medio y analizar la can-
didatura 6ptima para la implantacion del oido medio.

Diseiio del Estudio: Estudio clinico.

Material y Métodos: Se compararon las mediciones de beneficio y salida de tres tipos de implantes del oido medio: el transductor
de oido medio de Otologics (MET), Vibrant Soundbridge (VSB), y el Estimulador Directo Actstico de Cdclea (DACS). Se estu-
di¢ la salida de estos implantes seleccionados en usuarios con grave pérdida de la audicién, predominantemente neurosensorial
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(50-65 dB HL). Los pacientes con otitis externa cronica y pérdida de audicion neurosensorial utilizaron el implante MET (n=9)
0 VSB (n=9). Los pacientes con una pérdida auditiva predominantemente neurosensorial después del tratamiento quirtrgico
de otosclerosis utilizaron DACS (n=4). Los pacientes fueron seleccionados de dos equipos diferentes de implantes pero fueron
evaluados utilizando el mismo protocolo. Se determiné la mejora relativa en el nivel umbral, a saber, el umbral de conduccién
6sea menos el umbral de campo de sonido asistido, dividido por el umbral de conduccién 6sea. Las mediciones de entrada-
salida se realizaron con los dispositivos en modo de amplificacion lineal y con la salida ilimitada. En este ultimo conjunto de
datos, se determino la salida méaxima y el rango dinamico de entrada de los dispositivos.

Resultados: El beneficio relativo para cada uno de los tres implantes fue comparable, sin embargo, los resultados fueron lige-
ramente inferiores que los valores objetivo generalmente aceptados. El rango dinamico de entrada de los dispositivos varid, el
rango mas amplio siendo ¢l de dispositivos DACS y Otologics.

Conclusion: Los resultados de este estudio indican que la primera generacion del dispositivo DACS es una buena opcion para
los pacientes con moderada / severa pérdida auditiva neurosensorial y otosclerosis tratada quirdrgicamente que requieren un
implante auditivo.

Palabras claves: implantes de oido medio « audifonos implantables « otologics MET « Vibrant Soundbridge « VSB « DACS
rango dinamico

YCUIEHVE U MAKCUMAJTBHASI MOIIHOCTD BXXVUBJ/IAEMBIX
CJIYXOBBIX YCTPOMICTB Y HAIIMIEHTOB C YMEPEHHOM! U TSKEJTON
CEHCOHEVMPOHHOM ITIOTEPEN CJIYXA

Pe3rome

HpeJIHOCbI}IKI/I: OHPCI[CJ'II/ITI) IUHaAMUYECKUI TMara3oH u MaKCUMaJIbHYI0 MOIIHOCTb TPEX COBPEMEHHDbIX VIMIVIAHTOB
CPE€HETO yXa " O6CyI[I/ITb ONITVMMA/JIbHbIX KAHAVAATOB Ha VIMIUIAHTBI CPENHETO yXa.

VcnpiTanua: Kanaudeckie MCObITaHUA.

Marepuanbl u Merogpr: ConocTaB/leHHbl U3MEPEHNA YCUIEHNUA ¥ MOIIHOCTY TPeX TUIIOB MMIUIAHTOB CPEJHEro yxa:
oToJIorMYecKmit TpaHcabiocep cpepnero yxa (MET), ummiant Vibrant Soundbridge (VSB) 1 HemocpencTBeHHbI aKy-
cTUdecKkuit KoxmeapHsiii ctuMyssiTop (DACS). Ml ncciefoBay AeiiTBMe 3TUX BBIOPaHbIX MMIUIAHTOB [IaBHBIM 00pa-
30M Y II0/Ib30BATEIEN C TSKENOM CeHCOHENPOHHOI noTtepelt cnyxa (50—-65 nb HL). ITanmeHTbI ¢ XpOHNYECKUM HapYXK-
HBIM OTUTOM JI CeHCOHEIIPOHHOII IToTepell cayXa Ioab3oBamich uMiranToM MET (n=9) mm6o VSB (n=9). ITanueHTHI
B OCHOBHOM C CEHCOHEPOHHOI IIOTEPENi C/IyXa IOC/Ie IEY€HHOTO ONE€PAlMIOHHbIM ITyTeM OTOCK/IEPO3a IO/Ib30BA/INCh
umitautoM DACS (n=4). [TauneHTs! O6bUIM BBIOPAHBI U3 ABYX Pa3HBIX MMIUIAHTHBIX KOMaH[, HO OHM OL|€HMBAJIICh
110 TOMY caMOMy NpoTokony. Onpe/eeH0 COOTBETCTBEHHOE YCU/IEH)E TIOPOTOBOTO YPOBH:, a UIMEHHO IOPOT KOCT-
HOI MPOBOJAVIMOCTI MUHYC IIOPOT 3BYKOBOTO IOJIsI CO BCIIOMOTaHMEM Pa3JieIeHHBIN IOPOrOM KOCTHON IIPOBOAMMOCTH.
BxopHble- BBIXOIHbIE M3MEPEHNA MIPOU3BENEHDI C IIOMOUILIO YCTPOJCTB B JIMHEIHOM YCUIEHHOM PEXIMMe UM C Heorpa-
HIYEHHOJ MOIIJHOCTBIO. B 9TOM mocelHeEM cOCTaBe JJaHHBIX OIpefie/ieHa MaKCUMaIbHas MOUIHOCTD M JMHAMIYeCKNIL
BXOJJHOM [VAIla30H YCTPOVICTB.

Pesynbrarbr: COOTBETCBEHHAsI MOLTHOCTD KXKJOrO U3 TPeX MMIUIAHTOB — CPAaBHMMasi; OJHAKO, 3HAUYeHNsI ObUIM HeM-
HOTO HIDKe, 4eM OOIIeNPUHATbIE 3alaHHble 3HaYeHMs. [IMHaMI4eCKIIT BXOSHOI AMAna3oH YCTPOICTB U3MEHSICS, IpU
YeM CaMblii IIMPOKMI Auana3oH umenu nmivtantsl DACS un Otologics.

3axmouenue: VITOrm STHX MCC/IeLOBAHNMIT ITOKAa3bIBAIOT, YTO alllapaT nepsoii reHepanuy DACS - aTo xopomias BO3-
MO>KHOCTD JI/IsI AI[MeHTOB C YMePEHHOI/TSAXKe/I0l CEHCOHEIIPOHHOI IOTepelt CIyXa U JIeYeHHBIM XUPYPTUYeCKUM IIy-
TEM OTOCK/IEPO30M, KOTOPBIE TPEOYIOT CIyXOBOTO MMIIIAHTA.

KnioueBple CTIOBa: MMIUIAHTBI CPEJHETO yXa o BXXMBJIAeMble CTyXoBble anmnaparsl « Otologics MET « Vibrant Soundbridge
e VSB ¢« DACS ¢ puuHaMu4ecKuit quamnasod

Background clinical evaluation [1], and this was followed by the Oto-

logics Middle Ear Transducer (MET, Otologics LLC, Boul-
Several types of implantable hearing systems, or active der, CO, USA). These semi-implantable devices have been
middle ear implants (AMEI), have been introduced over successfully applied in patients with sensorineural hear-
the last two decades. In 1996, the Vibrant Soundbridge ing loss [2-4]. These devices typically consist of an actu-
(VSB, Med-El, Innsbruck, Austria) became available for ator directly coupled to the ossicular chain and driven
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Figure 1. Mean bone-conduction thresholds plotted as
a function of frequency for three groups of
middle ear implant users: patients using the
Vibrant Soundbridge (VSB), the Otologics MET
(MET), and the DACS. Vertical bars are standard
deviations.

by an external audio processor [5]. More recently, mid-
dle ear implants have also been used in patients with oto-
sclerosis [6-9].

The Direct Acoustic Cochlear Stimulator (DACS) device,
introduced in 2006, is a version of a semi-implantable mid-
dle ear implant that bypasses the outer and middle ear struc-
tures and directly stimulates the cochlea [10,11]. The DACS
has been used in a feasibility study of patients with mod-
erate/severe sensorineural hearing loss due to otosclerosis.

The DACS system is an actively-driven stapes prosthesis;
an electromagnetic actuator is implanted in the mastoid
cavity and connected to a conventional stapes prosthesis,
which directly drives inner ear fluid movement. The ex-
ternal audio processor is connected to the actuator by a
percutaneous plug. In the first DACS study, the ossicu-
lar chain was reconstructed during the implantation sur-
gery by inserting an additional, passive stapes prosthesis
[11]. This surgery reduced the air-bone gap and postop-
eratively left a predominantly sensorineural hearing loss
for the patients.

Traditionally, to measure the gain and output of conven-
tional hearing devices, artificial simulators are used. For
middle ear implants, such simulators are not available;
therefore, the basic amplification characteristics are typi-
cally measured in patients. For example, to measure gain,
the functional gain (FG) can be determined by subtract-
ing the aided sound field thresholds from the unaided
sound field thresholds. However, measuring FG can be
problematic when used on middle ear implant devices
for three reasons. First, if an air-bone gap is present af-
ter surgery, this will raise the unaided threshold propor-
tionally and will overestimate the FG. The measured FG
will then be the sum of the pure device gain plus the post-
surgery air-bone gap. Second, noise-reduction algorithms,
which are often present in current hearing devices in-
cluding middle ear implants, can interpret test signals as
noise and consequently reduce amplification. Finally, the
middle ear implants studied here make use of adaptive,

non-linear amplification. Therefore, sound field thresh-
old measurements evaluate the (relatively high) gain for
soft sounds and overestimate the gain for conversation-
al speech levels [12].

An additional amplification characteristic is the saturation
(SAT) level of the device, which is the loudest input sound
that can be properly processed by the device. The input
level at the point of saturation can be measured by stud-
ying the output behavior of the device. Previous research
has shown that it is possible to measure output limitations
objectively with a microphone placed in the ear canal. In
the current study, we have compared the basic capacities
of three implantable hearing systems. The gain of the de-
vices was compared in matched patient groups. In addi-
tion, the dynamic range and maximum output of the three
devices were determined while the devices were in linear
amplification mode with unlimited output. The results of
this study are used to discuss optimal candidacy for mid-
dle ear implants.

Material and Methods

Patients

All data were acquired from patients who used a (unilater-
al) middle ear implant: four DACS users (the only patients
with the first generation DACS as described by Hausler et
al. [11]); nine VSB users selected from the Nijmegen data-
base of 55 VSB users; and nine MET users, selected from
the same database of 18 MET users. VSB and MET users
were matched with the DACS users based on the degree
of preoperative sensorineural hearing loss (criteria: bone-
conduction thresholds between 30 and 60 dB HL at 500
Hz and between 50 and 75 dB HL at 4 kHz and a mean
hearing loss of between 50 and 65 dB HL at 0.5, 1, 2, and
4 kHz) and the length of device use (minimum of 1 year).

Figure 1 shows the mean preoperative bone-conduction
thresholds of the implanted ear in patients from each
group. The VSB and MET users had been provided with
implants due to therapy-resistant chronic external otitis.
These patients had a predominantly sensorineural hearing
loss, although an air-bone gap in the order of 5-10 dB was
common. Prior to treatment, the DACS patients showed
both sensorineural and conductive hearing loss caused by
otosclerosis. At the DACS post-operative evaluation, the
air-bone gap had been reduced because the fixed stapes
had been replaced by a secondary, passive stapes prosthe-
sis [11]. A mean air-bone gap of 14 dB remained at 0.5, 1,
2, and 4 kHz (range 6-20 dB).

The VSB users were fitted with the 404 audio processor
(Med-El, Innsbruck, Austria); the MET users were fitted
with the Button processor (Otologics LLC, Boulder, CO,
USA); and the DACS users were fitted with the Savia 211
processor (Phonak, Staefa, Switzerland). All fittings were
done by experienced audiologists.

Parameters
The two parameters used in this study are an FG-based

gain ratio (GR) and the input level at output saturation
(ILS) [13].
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Figure 2. Input—output curves at 1 kHz and 2 kHz obtained
from probe-tube microphone measurements in
the ear canal of a patient with a DACS device. The
arrows indicate the level of device saturation.

Gain ratio (GR)

The bone conduction, based on the functional gain at the
threshold level, was defined as the difference between the
bone-conduction threshold and the aided threshold. This
value, divided by the bone-conduction threshold, was called
the gain ratio (GR) and was calculated for each frequen-
cy. The GR at each frequency can be compared with target
values, as produced by prescription rules. According to the
commonly used NAL-NL prescription rule, for conversa-
tional levels, the GR should be 0.46; this indicates that the
desired FG should be approximately 0.46 times the hear-
ing threshold (at 1-4 kHz) [14]. For softer sounds, ratios
higher than 0.46 are prescribed [15]. These reference ratios
can be used to assess the adequacy of amplification provid-
ed by the middle ear implant. This ratio is independent of
the patient’s degree of hearing loss, unlike the FG. To de-
termine the GR, noise-reduction algorithms were deacti-
vated. All other settings were the patient’s daily settings.

Input level at output saturation (ILS)

To determine the input level at saturation for the three im-
plant devices, the procedure described by Snik et al. was
followed [13]. Briefly, sound pressure levels were measured
with the Aurical REM system in the ear canal of the aid-
ed ear (Madsen, Taastrup, Denmark). Measurements were
conducted while the ear canal was occluded with an EAR-
link foam tip (Aearo Company, Indianapolis, IN, USA).
After a foam tip was inserted, a probe tube microphone
was pushed through the standard opening in the plug. In
this manner, the sound pressure level could be measured
in the occluded ear canal. Sound pressure levels were re-
corded as a function of frequency during the presentation
of a calibrated frequency sweep produced in the sound field
(sweep from 250 Hz to 8 kHz at 60 dB SPL, as standard
on the Aurical REM system). The first measurement was
carried out with the audio processor off (reference curve),
and the measurement was repeated with the audio proces-
sor on. The difference curve was used for further analysis.
Similar curves were obtained at 50, 70, 80, and 90 dB SPL.
From the difference curves, the input level at which the de-
vice saturated was determined at 1 kHz and 2 kHz. Figure
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Figure 3. Functional gain at threshold level divided by
bone-conduction threshold versus frequency
for three groups of middle ear implant users:
patients using the Vibrant Soundbridge (VSB),
the Otologics MET (MET), and the DACS. Mean
values are displayed with standard deviations.

2 shows representative data. Output limiting options were
deactivated, and the device was programmed in the linear
amplification mode.

To measure sound field thresholds, warble tones were pre-
sented via a loudspeaker placed 1 m in front of the patient
and calibrated according to Morgan et al. [16].

Nine of the 22 patients participated in a special session to
measure the output limitation of the devices (three MET
users, four VSB users, and two DACS users). These patients
were randomly selected. The measurements were carried
out in sound-proof double-walled rooms.

Results

The GR as a function of frequency is presented in Figure 3.
The mean data are presented separately for the matched
VSB, MET, and DACS users. Vertical lines indicate stand-
ard deviations.

A representative example of an input—output measurement, as
derived from sound-pressure measurements in the occluded
ear canal, is presented in Figure 2. After turning the device
on, there was an increase of 15-20 dB SPL at 1 to 3 kHz in
the ear canal. The data in Figure 2 are from a patient using a
DACS device. These data have a linear increase until the out-
put levels-off at an input level of 75 dB SPL at 1 kHz and 80
dB SPL at 2 kHz. In a second patient with a DACS, the input
level at saturation was above 80 dB SPL; this patient could
not tolerate stimulation louder than 80 dB SPL. For the oth-
er two implant systems, the output saturated at lower input
levels. Figure 4 shows the maximum dynamic range of the
three devices, which is defined as the difference between the
input level at saturation and the aided thresholds, expressed
in dB SPL, and obtained in the linear amplification mode.

Discussion

In contrast to studies that assess individual benefit and
satisfaction levels, the measurements in the current study

© Journal of Hearing Science® - 2012 Vol. 2 - No. 3
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Figure 4. Hearing thresholds (stripes), input level at satu-
ration (grey), and dynamic range (cross-hatch)
for the three groups of patients as measured at
1 kHz (left columns) and 2 kHz (right columns).
Mean data with ranges are presented. The au-
dio processors were programmed in linear am-
plification mode and the maximum output was
not limited.

are device-specific, not patient-specific dynamic range and
maximum output, and are therefore helpful when com-
paring systems. While previous studies addressed benefit
measures, such as speech perception and patient opinions,
this study investigated the basic performance of three ac-
tive, semi-implantable middle ear devices used in patients
matched according to the extent of their sensorineural
hearing loss. Previously, it has been shown that the gain
(amplification) and maximum output are important pa-
rameters in evaluating the basic operation of implantable
hearing systems [13,17].

Figure 3 shows the gain ratio (GR), a measure that is, in
principle, hearing-loss independent and can therefore be
averaged over patients. Significant differences between the
three devices were not found (¢-test, p>0.05). This result
is not surprising because the actual gain is determined by
the user, either by adjusting the volume (MET and DACS),
or, if volume control is absent, by adjustments made dur-
ing the device fitting. The desired gain ratio, according to
the NAL rule, should be at least 0.46 (at 1, 2, and 4 kHz).
This GR was found at 1 kHz and 2 kHz for the DACS us-
ers and at 2 kHz for the VSB users; for MET users, the
values at 1 kHz and 2 kHz approached this target value.
A target ratio of 0.46, as prescribed by the NAL rule, was
matched but not surpassed by the three systems [14,15].

As shown by Snik et al., the proper processing of loud sounds
by the implant can be measured objectively with a probe mi-
crophone in the ear canal [13]. The probe measures the vi-
brations produced by the actuator of the middle ear implant

References:

because these reach not only the cochlea but also the tym-
panic membrane. The probe thus measures the vibrations
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Compared to the implantation of the VSB and the MET,
the DACS surgery is more invasive because the vestibulum
is entered and this can lead to damage. The risk of coch-
lear damage in the DACS surgical procedure is thought
to be comparable to that of a classical stapedotomy be-
cause a standard stapes prosthesis is used [11]. Further-
more, the DACS system was designed to be used only in
patients with mixed hearing loss caused by otosclerosis.

Conclusion

The results of the present study suggest that the percuta-
neous DACS middle ear implant has a amplification ca-
pacity that exceeds the VSB and has a comparable or bet-
ter capacity than the Otologics MET middle ear implant;
because of this larger dynamic range it can therefore be
of assistance in patients with moderate to severe sensori-
neural hearing loss.
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