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Abstract

Introduction: The Vibrant Soundbridge (MED-EL Medical
Electronics, Austria) is an active middle ear implant with a
floating mass transducer (FMT) for patients with conductive,
sensorineural, or mixed hearing loss. While the FMT is verti-
cally aligned above the stapes head (SH) with the current
Vibroplasty Clip coupler (MED-EL Medical Electronics), the
new SH coupler was developed to mount the FMT on the in-
ferior side of the stapes and to fit in the reduced middle ear
space after canal-wall-down mastoidectomy. Methods: Us-
ing 11 human cadaveric temporal bones (TBs), placements
of the new SH couplers on the stapes were examined, and
effective stimulito the cochlea were evaluated by measuring
piston-like motion of the stapes footplate with a current of
1 mA on the FMT. The results were assessed in comparison
with the Vibroplasty Clip coupler. Results: The new SH cou-
pler showed perfect coupling on the stapesin 9 outof 11 TBs.
A small gap between the SH and the plate of the connection

link part was unavoidable in 2 TBs but had negligible effect
on vibrational motion of the stapes. Vibrational motion of
the stapes with the new SH coupler was reduced at frequen-
cies above 3 kHz compared to the corresponding motion
with the current Vibroplasty Clip coupler, but the relative at-
tenuation over all 11 cadaveric temporal bones was <10 dB.
Conclusions: The new SH coupler provides an alternative
with more stable fixation when placement of the current Vi-
broplasty Clip coupler is limited due to insufficient space af-
ter canal-wall-down mastoidectomy, while still delivering ef-

fective stimuli to the cochlea. ©2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

The Vibrant Soundbridge (VSB; MED-EL Medical
Electronics, Austria) is an active middle ear implant with
a floating mass transducer (FMT) for patients with con-
ductive and mixed hearing loss. Specifically, the VSB pro-
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vides benefits to patients for whom conventional hearing
aids do not work efficiently, such as patients with aural
atresia [Frenzel et al., 2010; Barillari et al., 2012; Zernotti
etal.,2013; McKinnon etal.,2014; Yang et al., 2014; Wang
et al.,, 2016; Célérier et al., 2017; Leinung et al., 2017], re-
current or chronic otitis externa, eczema, ear canal irrita-
tions, external ear aplasia, extraordinarily narrow ear ca-
nals [Ihler et al., 2014a, 2014b], allergies to hearing aid
molds, and chronic stenosing otitis externa [Thomas et
al., 2017; Skarzynski et al., 2018]. The FMT of the VSB is
attached to structures in the middle ear cavity, such as the
incus [Eze etal., 2014; Schraven et al., 2014; Célérier et al.,
2017], the stapes [Frenzel et al., 2010; Beleites et al., 2011;
Park et al,, 2014], and the round window [Luetje et al.,
2002; Baumgartner et al., 2010; Barillari et al., 2012], us-
ing proper couplers. While the coupling location of the
FMT is determined by the status of the middle ear struc-
tures, it is known that coupling of the FMT on the stapes
head (SH) delivers larger stimulus levels to the cochlea
than coupling to other structures [Cremers et al., 2008;
Chen etal., 2017]. Considering that the effective stimulus
from the middle ear ossicular chain to the cochlea is
mainly determined by the piston-like motion of the sta-
pes [Eiber et al., 2012; Edom et al., 2013], it is presumed
that coupling of the FMT to the SH is an efficient way to
produce the piston-like motion of the stapes.

The Vibroplasty Clip coupler, consisting of 4 legs that
couple to the stapes suprastructure [Hiittenbrink et al.,
2011], is most widely used to couple the FMT to the SH.
With this coupler, the FMT is vertically aligned above the
SH, and such a location and alignment of the FMT effi-
ciently delivers stimuli to the cochlea. However, its use is
sometimes limited due to insufficient space for the FMT,
especially when the surgical opening is a canal-wall-down
mastoidectomy. As an alternative to the current Vibro-
plasty Clip coupler, a new SH coupler (version 0.22,
MED-EL Medical Electronics, Austria) has been devel-
oped. With the new SH coupler, the FMT is positioned on
the inferior side of the stapes instead of the top of the SH
to reduce the functional height. Further, the new SH cou-
pler includes coupling to the stapes crura in addition to
coupling to the SH to enhance stability of angular posi-
tioning of the FMT.

The research design for this study was a comparative
analysis between the current Vibroplasty Clip coupler
and the new SH coupler. Using cadaveric temporal bones,
placement of the couplers with the FMT was examined,
and expected surgical outcomes were assessed by measur-
ing piston-like motion of the stapes footplate for the 2
couplers.
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Fig. 1. New SH coupler and its placement. Initial design of the SH
coupler (a) and its placement tested with u-CT data (b), and the
upgraded version of the SH coupler (version 0.22; ¢) and its place-
ment on the TB (d). SH, stapes head; u-CT, micro-computed to-
mography; FMT, floating mass transducer.

Material and Methods

Approval of this study was granted by the Swiss Ethic Commis-
sion of Canton Ziirich with the identification number KEK-ZH-
Nr. 2014-0544.

New SH Coupler

The new SH coupler consists of (1) a stapes clip, (2) the FMT
cage, and (3) a connection link (Fig. 1a, ¢). The stapes clip provides
legs for fastening the SH coupler to the crura of the stapes, and the
FMT is attached to the FMT cage. The connection link provides a
connection between the stapes clip and FMT cage and provides
for coupling onto the SH as well. The connection link was initial-
ly designed such that the FMT is positioned on the inferior side of
the stapes and is oriented parallel to the longitudinal direction
(i.e., lateral-medial direction) of the stapes (Fig. 1a). However,
with the initial design, space for placement of the FMT was insuf-
ficient and placement without touching the promontory was im-
possible. Such lack of space was confirmed by examination with
digital simulation of the alignment via middle ear models based
on micro-computed tomography (u-CT) data. Six sets of u-CT
data were used for the digital simulation, and the initial design
could not be placed in 5 out of 6 sets. Figure 1b shows the spatial
interference of the promontory with the FMT cage. In order to
allow space for the FMT, the SH coupler was redesigned, espe-
cially the connection link, which was bent such that the angle be-
tween the longitudinal direction of the FMT and the longitudinal
direction of the stapes was 30° in the new design (Fig. 1c). With
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the modified design, placement of the coupler was not impeded
by the promontory in the digital simulation with the same u-CT
data sets.

Temporal Bone Preparation

Cadaveric temporal bones (TBs) were obtained from Science
Care (Phoenix, AZ, USA). Eleven TBs (excluding TBs that did not
show normal middle ear characteristics; see section “Test of ‘Nor-
mal’ Temporal Bone Function”) from 7 female and 4 male subjects
were used in this study. The average age of the donors was 73.3
years (ranging from 43 to 87 years). The TBs were collected 48-
72 h after death and were immediately frozen by the provider. They
were kept frozen at —20°C until they were prepared for measure-
ment.

The TBs were prepared for test fitting of the couplers according
to the American Society for Testing and Materials (ASTM) stan-
dard [F2504-05, Philadelphia, 2005]. An extended mastoidectomy
with posterior tympanotomy was performed to expose the middle
ear ossicular chain [Gerig et al., 2015; Cuny et al., 2019]. The ex-
ternal ear canal was removed and replaced by an artificial ear canal
made of a plastic tube (an inner diameter of 9 mm). A loudspeak-
er (ER-2, Etymotic Research, Elk Grove Village, IL, USA) and mi-
crophone probe (ER-14C, Etymotic Research, Elk Grove Village,
IL, USA) together with a yellow foam eartip were placed in the
artificial ear canal; the distance between the microphone probe tip
and the center of the tympanic membrane was approximately 3-
5 mm.

After measurement for the test fitting to the ASTM standard, a
section of the middle ear, including the tympanic membrane and
malleus-incus complex, was removed. A portion of the bony wall
was drilled away as well, for easy access of the coupler prosthesis
and the laser beam from the laser Doppler vibrometer (LDV) sys-
tems. Care was taken to keep the stapedial tendon and the cochle-
ar structures intact. Each specimen was periodically moistened
during the measurements to prevent drying.

Test of “Normal” Temporal Bone Function

To determine whether the TBs exhibited normal function,
physiological stapes motions in response to acoustic stimuli were
examined and compared with the ASTM standard [F2504-05,
Philadelphia, 2005]. Assessment of the stapes motion was done at
0.5, 1, 2, 3, and 4 kHz because the averaged values across samples
in the ASTM standard do not reflect normal performance at high-
er frequencies [Morse et al., 2019]. While it is known that the ve-
locity curve of an individual stapes has a steep notch near 5-7 kHz
[e.g., Sim et al., 2010], the notch is obscured when the velocity
curves are averaged from a large number of samples, as is the case
in the ASTM standard. Physiological motions of the stapes were
measured near the footplate center using a single-point LDV sys-
tem (CLV-2534, Polytec GmbH, Germany). The TBs exhibiting
performance beyond the range of “normal” (i.e., 95% confidence
interval) in the ASTM standard were excluded for further prepara-
tion and measurements. Figure 2 shows the stapes motion of 11
TBs in response to acoustic stimuli, all of which were within the
ASTM standard and were used for this study.

Coupler Placement

Placement of the Vibroplasty Clip coupler and the new SH cou-
pler onto the stapes was examined for the 11 TBs with the following
objectives: (1) neither the FMT nor the coupler could touch the

New SH Coupler for VSB
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Fig. 2. Physiological motion of the stapes in response to acoustic
stimuli, in comparison with the ASTM standard. ASTM, Ameri-
can Society for Testing and Materials; TBs, temporal bones.

promontory or its peripheral bones, (2) the coupling could be
made such that the position of the coupler was stable, and (3) the
coupler could be placed onto the stapes without a gap between the
plate of the connection link and the SH. When all 3 conditions
were satisfied, the placement was considered “perfect.” If the first
and second conditions were satisfied but the third condition was
not, the placement was considered “imperfect but stable.” If either
the first or second condition could not be satisfied, the placement
was considered a “failure.”

Measurement of Effective Stimuli to the Cochlea

The stapes footplate velocities excited by the FMT via the new
SH coupler were measured and compared with the corresponding
velocities via the current Vibroplasty Clip coupler. Harmonic sig-
nals 0of 900 frequencies distributed logarithmically between 0.4 and
10 kHz were generated by an audio analyzer (APx585, Audio Pre-
cision Inc., Beaverton, OR, USA) and were delivered to the FMT
via an audio amplifier (RMX 850a, QSC Audio Products, Costa
Mesa, CA, USA). The sampling rate was set at 192 kS/s. The resis-
tance of the FMT was measured by an Ohmmeter, and the voltage
to the FMT was set such that the current on the FMT was 1 mA
root-mean-square. Motion of the stapes footplate was measured
near the footplate center, where the motion is presumed to be sim-
ilar to the piston-like component of the stapes [Sim et al., 2010;
Lauxmann et al., 2012], using a Short Wave Infrared LDV system
(Scan-Sense, OptoMET GmbH, Germany). The direction of the
laser beam was tilted by approximately 20-30° superiorly relative
to the direction normal to the footplate.

A post hoc analysis with paired ¢ tests was done to compare the
Vibroplasty Clip coupler and the new SH coupler. The post hoc
analysis was performed for 8 frequency bands (0.4-0.75, 0.75-1,
1-1.5,1.5-2,2-3,3-4,4-6, and 6-8 kHz). In each frequency band,
measurement results were averaged. The difference was consid-
ered to be statistically significant for p values <0.05.

Audiol Neurotol 3
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New SH coupler (n = 11)
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Fig. 3. Velocities of the stapes footplate center per current on the FMT (1 mA) in 11 TBs, with the SH coupler (a)
and the Vibroplasty Clip coupler (b). FMT, floating mass transducer; SH, stapes head; TB, temporal bone.

Table 1. Cases of “imperfect but stable” placements

New SH coupler Vibroplasty Clip coupler
TB7 Gap between the SH and the plate of the connection “Perfect” placement
TB8 “Perfect” placement Legs on the inferior side were cut
TB11 Gap between the SH and the plate of the connection Gap between the SH and the plate of the FMT cage

SH, stapes head; TB, temporal bone.

Results

Coupler Placement

Placing the coupler on the stapes could be done with-
out any problem (i.e., “perfect” placement in section
“Coupler Placement”) in 9 of 11 temporal bones for both
couplers. A “failure” (see section “Coupler Placement”)
was not observed for either of the 2 couplers. Placement
of the coupler was not considered a “failure” but was par-
tially problematic (i.e., “imperfect but stable” in section
“Coupler Placement”) in TB7 (81 years, female) and
TB11 (78 years, female) for the new SH coupler and in
TB8 (71 years, male) and TB11 for the Vibroplasty Clip
coupler. In TB7 and TB11, a small gap (estimated as ~0.1
mm, not measured) between the SH and the plate of the
connection link was introduced to prevent the FMT for

4 Audiol Neurotol
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the new SH coupler from touching the promontory. In
TB8, the legs of the Vibroplasty Clip coupler on the in-
ferior side had to be cut to avoid touching the promon-
tory. In TB11, a small gap between the SH and the plate
of the FMT cage of the Vibroplasty Clip coupler was un-
avoidable due to a relatively large SH. All the cases of
“imperfect but stable” placements for the new SH cou-
pler and the Vibroplasty Clip coupler are summarized in
Table 1.

Relative Attenuation of Effective Stimuli to the

Cochlea with the New SH Coupler

Figure 3 shows velocities at the footplate center with
respect to the current on the FMT (per 1 mA) for 11 tem-
poral bones. Generally, velocities at the footplate center
show similar magnitudes for the Vibroplasty Clip coupler
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Fig. 5. Functional height of the FMT (k) in
acanal-wall-down mastoidectomy (sketch),
with the new SH coupler (a, 1.9 mm) and
the Vibroplasty Clip coupler (b, 2.4 mm).
FMT, floating mass transducer; SH, stapes
head.

and the new SH coupler up to 2 kHz and lower magni-
tudes for the SH coupler above 3 kHz.

For comparison of effective stimuli to the cochlea be-
tween the 2 couplers, the magnitude ratios of the veloci-
ties with the new SH coupler relative to the velocities with
the Vibroplasty Clip coupler were calculated, and the
means and standard deviations of the relative magnitude
ratios are shown in Figure 4. The relative magnitude ratio
was calculated for each TB, and relative ratios were aver-
aged over the 11 TBs. The difference was <10 dB on aver-

New SH Coupler for VSB

age up to 8 kHz. Post hoc analysis of frequency bands
showed statistically significant differences between the
Vibroplasty Clip coupler and the SH coupler for frequen-
cy bands above 3 kHz (p = 0.0049 for 3-4 kHz, p = 0.0001
for 4-6 kHz, and p = 0.0005 for 6-8 kHz). Frequency
bands with statistically significant differences are shaded
with dark gray in Figure 4. Statistically significant differ-
ences were not observed for frequency bands below 3 kHz
(p=0.1352-0.9115).
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Fig. 6. Stimulation force by the FMT (Fgyr, red in the figure) and
its equivalent representation with respect to the center of the stapes
footplate (blue in the figure), with the new SH coupler (a) and the
Vibroplasty Clip coupler (b). It was assumed that the stimulation
force is along its longitudinal direction. A torque T (= dog/ Fpmr)
on the center of the stapes footplate due to a distance dg between
its longitudinal direction pf the FMT and the center of stapes foot-
plate. FMT, floating mass transducer; SH, stapes head.

The small gap between the SH and the plate of the con-
nection link for placement of the SH coupler (see section
“Coupler Placement”) was presumed to have negligible
effect on stapes velocity. In TB7 and TB11, where a small
gap was introduced for placement of the SH coupler, sub-
stantial attenuation of the stapes velocity was not ob-
served (Fig. 3).

Discussion

The new coupler used in this study was developed to
reduce the functional height of the FMT, which is defined
as the distance from the top of SH to the top edge of the
FMT (hsin Fig. 5). While the functional height with the
current Vibroplasty Clip coupler is 2.4 mm, it is 1.9 mm
for the new SH coupler. The functional height of the Vi-
broplasty Clip coupler may not be problematic in cases
that the previous surgery was canal-wall-up mastoidec-
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tomy. However, during canal-wall-down mastoidecto-
my, the posterior and superior canal walls are drilled
down to the level of the facial nerve in its mastoidal seg-
ment, resulting in a reduced volume of the middle ear
space [Whittemore et al., 1998]. This is also the case in
atelectatic ears or if the malleus is medialized. In these
situations, when the stapes superstructure is intact but the
middle ear cleft is shallow, the new coupler will be useful
because of its reduced functional height. Further, treat-
ment with the VSB is presumed to be a good option for
patients with radical cavities because the ossiculoplasty
and conventional hearing aids are inappropriate for most
of these patients [Ihler et al., 2014].

With respect to the stability of the attachment between
the coupler and stapes, the 4 legs of the Vibroplasty Clip
coupler contact a part near the SH and consequently may
not provide strong fixation against rotational dislocation
of the FMT. However, the new SH coupler is fixed on the
crura as well as the head of the stapes and therefore pro-
vides firm fixation against rotational dislocation of the
FMT. With the initial design of the new SH coupler
(Fig. 1a), placement of the SH coupler was spatially im-
peded by the promontory. However, the issue could be
resolved by modifying the design of the connection link
of the coupler such that the angle between the longitudi-
nal direction of the FMT and the longitudinal direction
of the stapes was 30° (Fig. 1c). “Failure” in placement of
the SH coupler was not observed with the new design
(section “Coupler Placement”).

The piston-like motion of the stapes footplate was
measured to assess the effective stimulus to the cochlea
in this study, and relative attenuation of the effective
stimulus above 3 kHz with the new SH coupler is pre-
sumed to be due to a relatively large rocking-like motion
of the stapes footplate. The relatively large rocking-like
motion with the SH coupler can be caused by 2 possible
mechanism. First, location and orientation of the FMT
with new SH coupler generate a torque with respect to
the center of the mass of the stapes footplate. Figure 6 il-
lustrates the stimulation force by the FMT (Fpyr, red in
the figure) and equivalent representation of the stimula-
tion force with respect to the center of the stapes foot-
plate (blue in the figure), assuming that the stimulation
force is along its longitudinal direction. The longitudinal
direction of the FMT with the new SH coupler has a dis-
tance d,g from the center of the stapes footplate, which is
due to the offset and tilting of the FMT, and thus a torque
T (= dog/Frmr) is generated. In the case that the FMT is
mounted with the Vibroplasty Clip coupler, the longitu-
dinal direction of the FMT passes through the center of
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the stapes footplate (i.e., dogg = 0), and thus no torque
about the center of the stapes footplate is generated.
Eiber et al. [2012] showed that a large rocking-like mo-
tion of the stapes footplate is generated when stimulation
on the SH is not perpendicular to the footplate, and thus
a torque with respect to the center of the stapes footplate
is generated. It was also shown that a larger piston-like
motion is generated when the longitudinal direction of
the FMT on the SH is parallel to the stapes footplate and
thus has a distance (i.e., dog # 0) from the center of the
stapes footplate [Sim et al., 2016; Chatzimichalis et al.,
2018; Dobrev et al., 2018]. Second, in addition to the
torque T, the center of mass of the structure moves to-
ward the inferior side when the FMT is mounted with the
SH coupler, due to the biased position of the FMT. The
FMT is positioned approximately on the center line of
the stapes when the FMT is mounted with the Vibro-
plasty Clip coupler. According to one theory of dynam-
ics, such a nonsymmetrical mass distribution is expected
to generate rocking-like motion of the stapes, especially
athigh frequencies above the resonance (mass-dominant
region). Considering the result of this study that relative
attenuation of the effective stimulus with the new SH
coupler was observed above 3 kHz, the bias of the center
of the mass with the SH coupler may have more domi-
nant effects.

Attenuation of the effective stimuli with the SH cou-
pler relative to the effective stimuli with the Vibroplasty
Clip coupler was observed only at high frequencies above
3 kHz with the amount of <10 dB (Fig. 4). From the point
of the effective stimuli, using the Vibroplasty Clip cou-
pler is a better option than use of the new SH coupler if
application of the Vibroplasty Clip coupler is possible.
However, when the Vibroplasty Clip coupler cannot be
placed due to insufficient middle ear space, the new SH
coupler can be a good alternative only with a small
amount of attenuation at high frequencies. Previous
studies [Cremers et al., 2008; Chen et al., 2017] showed
relatively large stapes motion at high frequencies when
the FMT was coupled onto the SH compared to stapes
motion when the FMT was coupled to the long process
of the incus, which is the most typical position for the
EMT coupler. Chen et al. [2017] showed that coupling of
the FMT to the SH using the Vibroplasty Clip coupler
produced approximately 20 dB higher stapes motion
above 3 kHz than coupling to the long process of the in-
cus. Therefore, coupling using the new SH coupler with
the relative attenuation of <10 dB is expected to show a
better sound transmission than typical coupling of the
EMT to the long process of the incus.

New SH Coupler for VSB

Conclusion

The new design of the SH coupler (Version 0.22) was
assessed in comparison with the current Vibroplasty Clip
coupler. The assessment focused on (1) placement of the
coupler onto the stapes and (2) measurement of effective
stimuli to the cochlea.

The new SH coupler provided a stable and firm fixa-
tion to the stapes with coupling to the stapes crura in ad-
dition to the SH. With the new SH coupler, a small gap
between the SH and the plate of the connection link part
was sometimes (2 out of 11 cases in this study) unavoid-
able in order to prevent the FMT from touching the
promontory. However, according to the results of this
study, effective stimuli to the cochlea, which were as-
sessed by measuring velocities of the stapes footplate,
were presumed not to be attenuated considerably, even
with the gap (Fig. 3).

The effective stimuli to the cochlea with the new SH
coupler were reduced at frequencies above 3 kHz com-
pared to the effective stimuli with the current Vibroplas-
ty Clip coupler. However, relative attenuation was <10 dB
and therefore is not considered significant.

The new SH coupler provides efficient use of space in
the middle ear cavity by moving position of the FMT to
the inferior side of the stapes instead of positioning it
above the SH (i.e., lateral side of the stapes) as with the
Vibroplasty Clip coupler. Considering the results, the SH
coupler introduced in this study provides an alternative,
with more stable fixation, when placement of the current
Vibroplasty Clip coupler is limited due to insufficient
middle ear depth such as after canal-wall-down mastoid-
ectomy and middle ear atelectasis, while still delivering
effective stimuli to the cochlea.
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