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about 65 dB/decade, reaching 90 dB SPL at 8 kHz. The large 

roll-off relative to a normal ear was presumed to be a rela-

tively high inductive impedance of the coil of the DACS PI 

actuator at higher frequencies. Good coupling quality be-

tween the AI and the prosthesis was achieved below the res-

onance ( � 1.5 kHz) of the DACS PI for all tested stapes pros-

theses. Above the resonance, the SMart Piston, which is com-

posed of a shape-memory alloy, had the best coupling 

quality.  Copyright © 2012 S. Karger AG, Basel 

 Introduction 

 The Direct Acoustic Cochlear Stimulation Partial Im-
plant (DACS PI), which was developed by Phonak Acous-
tic Implants SA (Lonay, Switzerland), is a new implant-
able device in which a conventional passive stapes pros-
thesis is connected to and driven by an electromagnetic 
actuator. This device, with its actuating part, directly 
stimulates cochlear fluids, bypassing the outer- and mid-
dle ears, and thus is expected to be applicable for patients 
with moderate-to-severe mixed hearing loss [Bernhard et 
al., 2006; Häusler et al., 2008]. This study aimed to evalu-
ate the functional results of the DACS PI-aided recon-
struction with temporal bones (TBs) from human cadav-
ers, using established methods.
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 Abstract 

 This study aimed to assess the functional results of a new, 

active, acoustic-mechanical hearing implant, the Direct 

Acoustic Cochlear Stimulation Partial Implant (DACS PI), in a 

preclinical study. The DACS PI is an electromagnetic device 

fixed to the mastoid by screws and coupled to a standard 

stapes prosthesis by an artificial incus (AI). The function of 

the DACS PI-aided reconstruction was assessed by determin-

ing: (1) the maximum equivalent sound pressure level (SPL) 

of the implant, which was obtained from measurements of 

the volume displacement at the round window in normal 

and implanted ears, and (2) the quality at the coupling inter-

face between the AI of the DACS and the stapes prosthesis, 

which was quantified from measurements of relative mo-

tions between the AI and the prosthesis. Both measure-

ments were performed with fresh temporal bones using a 

scanning laser Doppler interferometry system. The expect-

ed maximum equivalent SPL with a typical driving voltage of 

0.3 V was about 115–125 dB SPL up to 1.5 kHz in reconstruc-

tion with the DACS PI, and decreased with a roll-off slope of 
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  Rosowski et al. [2007] developed a test method to ob-
tain the maximum equivalent sound pressure level (ESPL) 
in reconstruction with implantable middle ear hearing 
devices (IMEHD). Motions of the stapes in the implanted 
TB were measured, and the maximum ESPL was ob-
tained in comparison to motions of the stapes in the un-
implanted TB. Although reconstructed ears with the 
IMEHD have motions of the stapes as stimuli to the co-
chlea at the oval window, by contrast, motions of the sta-
pes prosthesis act as effective stimuli to the cochlea in the 
reconstructed ears with the DACS PI. The performance 
of the reconstruction can be evaluated by directly mea-
suring motions of the stapes prosthesis. However, com-
plex spatial motions of a stapes prosthesis are difficult to 
measure primarily because identification of the orienta-
tion of the stapes prosthesis relative to the stapes is not 
straightforward. Furthermore, possible leakage of co-
chlear fluids through gaps between the stapes prosthesis 
and the stapedotomy perforation may result in a less ac-
curate estimation of the functional outcome. As an alter-
native, our previous study [Sim et al., 2012] introduced a 
method to assess functional results of reconstruction 
with stapes prostheses by measuring the volume dis-
placement at the round window (RW). In this study, the 
maximum ESPL in the reconstruction with DACS PI was 
obtained in normal and reconstructed ears by comparing 
the volume displacements at the RW rather than stapes 
motions. The assumption was that the cochlear struc-
tures, including the cochlear fluids and aqueduct, are in-
compressible, and thus the RW volume displacement rep-

resents the amount of stimuli to the cochlea in normal 
and reconstructed ears, and hence hearing. The compli-
ance of the cochlear structures is presumed to be too large 
to affect normal air conduction [Gopen et al., 1997; Ro-
sowski et al., 2004; Stenfelt et al., 2004].

  In applying the stapes prosthesis as an alternative to 
the stapes, the coupling between the long process of the 
incus and the prosthesis plays a crucial role in functional 
results of the reconstruction. Our previous work showed 
that reconstruction with tight fixation of the stapes pros-
thesis onto the incus achieved the best functional results 
[Huber et al., 2008]. It was also shown that the on-growth 
of soft tissue after surgery had only a small effect on 
transmission properties because there was no compensa-
tion for incomplete fixation [Sim et al., 2010]. To assess 
the compatibility of DACS PI with several types of stapes 
prostheses, the coupling quality between the AI of the 
DACS PI and three types of stapes prostheses was mea-
sured. To quantify the coupling quality, the coupling in-
dex, which represents the relative motion between the AI 
of the DACS PI and the stapes prosthesis at the crimping, 
was introduced.

  Methods 

 Direct Acoustic Cochlear Stimulator 
 The DACS PI system consists of an external button device, an 

implant with an radiofrequency (RF) coil and an actuating com-
ponent, and a fixation system ( fig. 1 ). The external button device 
detects and delivers acoustic signals to the implanted component 

External

button case

Implant case

with RF coil

Fixation

system 

AI

Actuator

  Fig. 1.  DACS PI system (provided by Phon-
ak Acoustic Implants SA). The DACS PI 
system consists of an external button de-
vice, an implant with an RF coil and an 
actuating component, and a fixation sys-
tem. 



 Assessment of a Direct Acoustic Cochlear 
Stimulator 

 Audiol Neurotol 2012;17:299–308 301

via the RF coil. The external button device also provides power 
for the implanted component. The sound delivered to the implant 
is transformed into vibration of an artificial incus (AI) construct-
ed at the end of the actuator. A conventional stapes prosthesis is 
connected to the AI and stimulates the cochlear fluid. The elec-
tromagnetic actuator is mounted to the fixation system, which is 
screwed to the skull. A detailed description of the DACS PI system 
has been reported by Bernhard et al. [2006] and Häusler et al. 
[2008].

  Maximum ESPL in Reconstruction with the DACS PI 
 Fresh TBs were harvested within 24 h after death and were 

placed in a thiomersal solution at 4   °   C. The TBs were inspected 
using an operating microscope for possible abnormalities. All ex-
periments were performed within 1 week of the explantation. 
During the first stage of the measurement, physiological stapes 
motions in response to acoustic stimuli were examined in TBs, 
and only TBs whose stapes motions were within the American 
Society for Testing and Materials (ASTM) standard (F2504–05) 
[2005] were selected for further measurements. As a result, 10 (6 
from men and 4 from women) out of 13 TBs were used for the 
maximum ESPL in DACS PI-aided ears. The average age for the 
10 TBs was 59.9 years.

  The volume displacement at the RW was first measured in the 
unimplanted TB, and was measured again after reconstruction 
with the DACS PI and stapes prosthesis. In the unimplanted TB, 
the middle ear cavity was opened from the inferior portion 
through the jugular bulb and the facial recess, and the lip of the 
RW niche was carefully removed such that the entire RW mem-
brane was visible at an almost perpendicular angle. The ossicles, 
ligaments, and muscles of the middle ear were not injured during 
the procedure, and the tympanic membrane was also left intact. 
Pure tones of 11 different frequencies from 0.125 to 10 kHz were 

delivered to an artificial external ear canal (AEEC, about 0.5 ml) 
individually via a loudspeaker (ER-2, Etymotic Research, USA) 
that was mounted to the AEEC. The sound pressure in the AEEC 
was monitored by the probe microphone (ER-7C, Etymotic Re-
search, USA), which was also placed in the AEEC at a distance of 
approximately 3–5 mm from the center of the tympanic mem-
brane. The maximum allowable voltage (2 V peak) was applied to 
the loudspeaker to obtain a good signal-to-noise ratio, and the 
sound pressure level (SPL) in the AEEC as monitored by the mi-
crophone was in the range of 90–107 dB SPL for the range of stim-
uli from 0.125 to 10 kHz. Motions on the RW membrane were 
measured by a scanning laser Doppler interferometry (SLDI) sys-
tem (OFV-3001; Polytec GmbH, Germany). After the measure-
ment for the unimplanted TB was completed, reconstruction with 
the DACS PI was performed. The crura of the stapes were cut by 
a diode-pumped solid-state laser (Ceralas G5; Biolitec AG, Ger-
many) with a fiber handpiece, the stapes was immobilized using 
a histoacryl glue (Asculap AG, Germany), and a hole for the stapes 
prosthesis was made near the center of the stapes footplate using 
the laser and a Skeeter drill (Medtronic Xomed, Jacksonville, Fla., 
USA). First, a hole with a smaller diameter was made by the laser, 
then the accurate diameter of the hole was obtained by the Skeeter 
drill. The diameter of the stapedotomy hole was made 20% larger 
than the diameter of the stapes prosthesis (i.e. a hole diameter of 
0.6 mm for the prosthesis of 0.5-mm diameter and a hole diam-
eter of 1.0 mm for the prosthesis of 0.8-mm diameter). The DACS 
PI system was mounted to the TB with a designated fixation sys-
tem (S50899; Phonak Acoustic Implants SA). A shape-memory 
alloy prosthesis (SMart Piston, Nitinol-Fluoroplastic; Gyrus ENT 
LLC, USA) was introduced into the stapedotomy hole, and the 
prosthesis loop was fixed to the AI of the DACS PI system using 
the laser.  Figure 2  displays the TB reconstructed with DACS PI 
and the SMart Piston. A total of five DACS PI systems were used, 

AI of DACS PI

Retro-reflective beads

on round window

Stapedial prosthesis

(SMart Stapes Piston)a b

Fixation system
DACS PI

  Fig. 2.  Reconstruction with DACS PI and the SMart Piston.  The 
SMart Piston fixed to the AI of the DACS PI system ( a ) and fixa-
tion of the DACS PI to the TB ( b ). The crura of the stapes were cut 
by a diode-pumped solid-state laser with a fiber handpiece, the 
stapes was immobilized using a histoacryl glue, and a hole for the 

stapes prosthesis was made near the center of the stapes footplate 
using the laser and a Skeeter drill. The DACS PI system was 
mounted to the TB with a designated fixation system. The loop of 
the SMart Piston was fixed to the AI of the DACS PI system using 
the laser. 
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and consistency of the DACS PI systems was verified by measur-
ing the AI using the SLDI system before the system was mounted 
to the TB. Two different sizes (0.5 mm diameter/4.75 mm length 
(Ref. 7014–5934) and 0.8 mm diameter/4.75 mm length (Ref. 
7014–5924)) of the SMart Pistons were used, and each of the two 
sizes was applied to two different sets of five TBs (i.e. a total of 10 
TBs). Harmonic signals with 0.2-V root mean square (RMS) were 
applied to the DACS PI for measurement. In both the normal and 
reconstructed TBs, measurements at approximately 200 targets 
on the RW membrane were integrated to calculate volume dis-
placements. The motion at each target was assumed to be perpen-
dicular to the RW plane.

  Several techniques were used to improve accuracy of the mea-
surements. Micro-reflective beads were coated on the RW mem-
brane to improve reflectivity of the laser beam. The angle between 
the laser beam of the SLDI system and the RW membrane was 
obtained using micro-CT technology, and measured motions at 
the targets on the RW membrane were corrected by the obtained 
angle. Details of these methods have been described in our previ-
ous work [Sim et al., 2012]. All TBs were periodically moistened 
with a physiological saline solution to prevent drying during 
preparation and reconstruction of the TBs. The measurement 
time for both stages (i.e. normal and reconstructed) did not ex-
ceed 30 min.

  The maximum ESPL was calculated by comparing volume dis-
placements between the normal and reconstructed TBs. In the 
work by Rosowski et al. [2007], the maximum ESPL  L  IMEHD  E MAX   in 
the IMEHD-aided ears was defined as

10 5
20log ,  

2 10MAX

IMEHD N
IMEHD S EC MAX
E N

S

v p E
L

E v Pa
                         (1)

    where  �    N  S  and  p  N  EC  were the measured stapes velocity and ear canal 
pressure in the normal (i.e. not implanted) TB,  �    IS

MEHD    and  E  were 
measured stapes velocities and applied voltage in the reconstruct-
ed TB with IMEHD, and  E  MAX  was the maximum allowable volt-
age for the IMEHD. As the volume displacement at the RW was 
used instead of the stapes motion in this study, the maximum 
ESPL in equation (1) was modified as 
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      was the maximum ESPL in the DACS PI-aided ears, 

and  VD  N  RW  and  VD   DR
A
W

CS    indicated measured volume displace-
ments in normal and reconstructed (with DACS PI) TBs. 

 SMart Pistons were used exclusively in the experiment for the 
maximum ESPL, while different types of stapes prostheses were 
used in experiments for fixation quality.

  Fixation Quality at the AI-Prosthesis Interface 
 The coupling quality between the AI of the DACS PI and the 

SMart Piston of 0.8 mm diameter was examined in the five TB 
setups during measurement of the maximum ESPL. To compare 
the coupling quality of the AI of the DACS PI with different types 
of stapes prostheses, additional reconstructions with three differ-
ent types of stapes prostheses of 0.4 mm diameter were performed 
with an additional three TBs. The K-Piston (titanium, 0.4 mm 
diameter, 5.0 mm length, Ref. 1006–109; Heinz Kurz GmbH Med-
izintechnik, Dusslingen, Germany), F-Piston (platinum-fluoro-
plastic, 0.4 mm diameter, 6.0 mm length, Ref. 11–56234; Medtron-

ic XOMED, USA), and SMart Piston (nitinol-fluoroplastic, 0.4 
mm diameter, 4.75 mm length, Ref. 7014–2168; Gyrus ENT LLC) 
were compared. While K-pistons and F-pistons were manually 
crimped, the SMart Pistons were fixed by heating with a laser [Ra-
jan et al., 2005; Babighian et al., 2007]. The coupling quality with 
the SMart Piston and K-piston was examined in two TB recon-
structions, and the coupling quality with the F-piston was exam-
ined in four TB reconstructions. More reconstructions were used 
for the F-piston because the first two measurements were incon-
sistent. The average diameter of the AI of the DACS PI was 0.93 
 8  0.027 mm from six (five for SMart Piston of 0.8 mm diameter 
and one for three different types of stapes prostheses with 0.4 mm 
diameter) DACS PI systems.

  Motions on targets and on the AI and the stapes prosthesis 
were measured using the SDLI system, and coordinates of the 
measured targets were recorded by   PSV V8.6 software (Polytec 
GmbH).  Figure 3 a displays the measured targets on the AI and the 
stapes prosthesis with the SLDI measurement frame, where the 
laser beam was along the Z direction and the XY plane (the mea-
surement plane) was normal to the laser beam. The Z direction 
was approximately parallel to the longitudinal direction of the 
prosthesis. To quantify the coupling quality, a coupling index, 
which was calculated from the measurement, was devised. When 
the coupling between the AI of the DACS and stapes prosthesis 
was perfectly firm, then it behaved like a rigid body around its 
coupling interface. As no relative motion between the AI and the 
stapes prosthesis at its interface was regarded as a condition of the 
ideal coupling, the expected ideal motion at a target on the pros-
thesis could be calculated from measured motions at the targets 
on the AI of the DACS PI, by kinetics of a rigid body. Assuming 
the prosthesis and the AI move as a rigid body, a measured dis-
placement  d  m  at a target  m  on the AI could be related to a displace-
ment  d  j  at a target  j  on the stapes prosthesis as

   d  m  =  d  j  + ( Y  m  –  Y  j ) �  X  – ( X  m  –  X  j )  �  Y , with  m  = 1, 2, ...,  n                     (3)

  where  X  m  and  Y  m  were coordinates of the target  m ,  X  j  and  Y  j  were 
coordinates of the target  j ,  �  X  and  �  Y  were rotational displace-
ments of the rigid body along the X and Y axis, and  n  was the 
number of measurement targets on the AI (around 60 targets). 
Equation (3) could be expressed by a vector notation as following: 

    d  m  =  A  j  d  r  j  ,                                                                                        (4)

  with
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    Then, with the number  n  of measured targets on the AI, the 
vector d r  j  could be calculated by the least-squares error: 

  d  r  j  = ( A  j  
 T   A  j ) – 1  ( A  j  

 T   d  m ).                                                                  (5)
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  The calculated  d  j  represented the expected displacement at a tar-
get  j  on the stapes prosthesis, which was calculated from mea-
sured motions at targets on the AI. Considering the  d  j    calculated 
from equation (5) as an ideally expected displacement  d   ij

deal    with 
a perfect coupling between the AI and the prosthesis, the coupling 
index  CIX  j  at the target  j  was defined by 

 

,

ideal meas
j j

j ideal
j

d d
CIX

d

                                                                    (6)

    with an actual measured displacement  d    j
meas    at the target  j . 

 �     d   ij
deal    –  d   j

meas     � , the difference between the ideal and measured 
displacements at the target  j  on the piston prosthesis, represented 
the relative displacement between the AI and the stapes prosthesis 
at their interface. This corresponded to the distance between 
‘Plane fit to AI motion’ and ‘Measured motion at targets on the 
prosthesis’ in  figure 3 b. Once coupling indices were calculated for 
each of the targets on the stapes prosthesis (around 20 targets), 
they were averaged. 

 

1 ,

m

j

ave

CIX

CIX
m

                                                                                     
(7)

    where  m  was the number of targets  j  on the stapes prosthesis. This 
average coupling index could also be represented on a dB scale by 

    CIX _ dB  ave  = 20log 10 (1 +  CIX  ave )                                                    (8)

  A larger value in the average coupling index represented poorer 
coupling (i.e. more transmission loss), while a smaller value rep-
resented good coupling. 

 In calculating the coupling index, both the magnitude and 
phase of the motion were considered (i.e. the data were treated as 
complex numbers). Because the measurements were limited with-
in a two-dimensional space (i.e. on the XY plane of the SLDI mea-
surement plane), the coupling index varied with the measurement 
frame. For consistency, the measurement frame of the SLDI sys-
tem was aligned such that the laser beam direction (Z direction) 
of the SLDI system was parallel to the longitudinal direction of 
the stapes prosthesis.

  Results 

 ESPL in Reconstruction with DACS PI 
  Figure 4  displays the ASTM standard for ‘normal’ sta-

pes motion and our measurement of stapes motion for the 
10 TBs used for measurements of the RW motion. The 
stapes motion was measured near the center of the stapes 
footplate, and the measured motion was corrected by the 
angle between the laser beam and the footplate plane, to 
obtain the piston-like component of the stapes motion.

   Figure 5  illustrates motions of the AI of the DACS PI 
measured before the DACS PI was mounted to the TB, 
with respect to frequency ( fig. 5 a) and with respect to ap-
plied voltage at 0.5 kHz ( fig. 5 b). In  figure 5 a, motion of 
the AI of the DACS PI had an almost flat displacement up 
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  Fig. 3.  Measurement of the coupling quality. Measurement targets 
on the AI and the prostheses with the SLDI measurement ( a ), and 
representation of the relative motions between the AI motions 
(blue dots) and the prosthesis motion (red dots) ( b ). In the SLDI 
measurement frame, the laser beam was along the Z direction, 
and the XY plane (the measurement plane) was normal to the laser 

beam. The Z direction was approximately parallel to the longitu-
dinal direction of the prosthesis. The ideal motion  d   j

ideal    at targets 
on the prosthesis was calculated from the measured motion of the 
AI assuming a rigid body motion of the AI and prosthesis, and 
was compared with the measured motion  d   j

meas    of the prosthesis. 

  b  



 Chatzimichalis/Sim/Huber

 

 Audiol Neurotol 2012;17:299–308 304

to 1.5 kHz where the motion of the AI had its first reso-
nance, and rolled off above 2 kHz with a slope of about 
65 dB/decade. The AIs of the six DACS PI systems used 
in this study showed motions with almost the same mag-
nitude and shape in the frequency domain. In  figure 5 b, 
motions at 0.5 kHz were fairly linear up to 0.3 V RMS of 
the applied voltage. The deviation of the measured value 
from the linear fitting to measured data at 0.3 V was 
about 8%.

   Figure 6  displays the geometric means (plus standard 
deviations) of the measured volume displacements at the 
RW in unimplanted TBs (relative to 94 dB SPL) and in 
DACS PI-aided TBs (0.2 V in RMS applied to the DACS 
PI). The magnitude of the RW volume displacement in 
the DACS PI-aided TBs showed small changes up to its 
first resonance (approximately 1.5 kHz). With the 0.2-V 
RMS input, the DACS PI-aided TBs had larger volume 
displacements of the RW at frequencies below its first res-
onance relative to the unimplanted TBs with 94-dB SPL 
input. While the volume displacement at the RW in the 
DACS PI-aided TBs rolled off with approximately the 
same slope of 65 dB/decade, the corresponding roll-off 
slope in the unimplanted TBs was approximately 45 dB/
decade up to 4 kHz and approximately 25 dB/decade 
above 4 kHz. The overall roll-off slope from 1 to 8 kHz in 
the unimplanted TBs was approximately 40 dB/decade. 

The difference between the two different sizes of the sta-
pes prostheses (0.5 and 0.8 mm diameter) was not sig-
nificant (p  1  0.05) throughout the frequency range of 
measurement.

   Figure 7  displays the maximum ESPL of the DACS PI-
aided TBs with SMart Pistons of 0.5 and 0.8 mm diam-
eters, which were calculated from results shown in  figure 
6 . Although more than 0.5 V would have been permis-
sible to the DACS PI, 0.3 V RMS was used as the maxi-
mum voltage in the calculations ( E  MAX  in equation (2)) 
because the linearity of the AI was guaranteed up to this 
level. It was assumed that the results with the 0.3-V RMS 
input would be linearly proportional to the results with 
the 0.2-V RMS input, and actual measurements were not 
taken with this input. The maximum ESPL was more 
than 110 dB SPL up to 1.5 kHz, and decreased with fre-
quency at higher frequencies, for both sizes of the stapes 
prostheses. At 8 kHz, the maximum ESPL was approxi-
mately 90 dB. A difference between the two sizes of the 
stapes prostheses was observed at 4 and 6 kHz, but the 
difference was in the order of 5–10 dB, which was not 
significant.

  Quality of the Coupling between the AI and Piston 
Prostheses 
  Figure 8  displays the mean values of the average cou-

pling indices with the corresponding standard deviations 
for the SMart Piston of 0.8 mm diameter (n = 5). The re-
sults showed a trend for coupling quality to be worse at 
high versus low frequencies. The value of the coupling 
indices in decibels was less than 1 dB (12%) up to 1 kHz, 
and was maximal at 6 kHz with a value of 2.1  8  1.6 dB 
(27%).

   Figure 9  displays the coupling indices for the three dif-
ferent types of stapes prostheses of 0.4 mm diameter. 
While the coupling indices were below 0.6 dB (7%) up to 
1 kHz for all three types indicating good coupling quali-
ties, the coupling indices at the higher frequencies dif-
fered with the type of piston prosthesis. The coupling in-
dex for the SMart Pistons was less than 1 dB (12%) from 
0.25 to 6 kHz for both measurements (SMart Pistons No. 
1 and 2). There were differences in the coupling quality 
with the F-Pistons. F-Pistons No. 1 and 4 had coupling 
indices of less than 3.7 dB (53%) up to 4 kHz but large 
coupling indices (more than 6.0 dB (100%)) at 6 kHz. F-
Piston No. 2 had a maximum coupling index of 3.5 dB at 
2 kHz, but the coupling indices were lower than 1.7 dB at 
other frequencies. F-Piston Np. 3 had coupling indices 
lower than 2 dB from 0.25 to 6 kHz, similar to the SMart 
Pistons. The two K-Pistons showed a trend for lower cou-

  Fig. 4.  Displacement at the center of the stapes footplate in normal 
ears, with ASTM standard. Physiological stapes motions in re-
sponse to acoustic stimuli were examined in 13 TBs. Ten out of 
these 13 TBs, which were within the ASTM standard, were se-
lected for further measurements.                             
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  Fig. 5.  Motions of the AI of the DACS PI measured before mounted to the TB with respect to frequency ( a ) and 
applied voltage at 0.5 kHz ( b ). Motion of the AI of the DACS PI had an almost flat displacement up to 1.5 kHz 
where the motion of the AI had its first resonance, and rolled off above 2 kHz with a slope of about 65 dB/de-
cade. Motions at 0.5 kHz were fairly linear up to 0.3 V RMS of the applied voltage.                         

  Fig. 6.  Volume displacement at the RW in unimplanted TBs (94 
dB SPL input) and in DACS PI-aided TBs (0.2 V RMS input) with 
SMart Piston shape-memory alloy prostheses. Vertical lines indi-
cate standard deviations. The DACS PI-aided TBs had relatively 
large volume displacements of the RW at frequencies below its 
first resonance. While the volume displacement at the RW in the 
DACS PI-aided TBs rolled off with approximately the same slope 
of 65 dB/decade, the corresponding roll-off slope in the unim-
planted TBs was approximately 45 dB/decade up to 4 kHz and 
approximately 25 dB/decade above 4 kHz. The difference between 
the two different sizes of the stapes prostheses (0.5 and 0.8 mm 
diameter) was not significant (p  1  0.05) throughout the frequency 
range of measurement.                         

DACS PI with 0.5 mm Piston (n = 5)

DACS PI with 0.8 mm Piston (n = 5)
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  Fig. 7.  The maximum ESPL in DACS PI-aided TBs with SMart 
Piston shape-memory alloy prostheses. Vertical lines indicate 
standard deviations. The maximum ESPL with 0.3 V RMS was 
more than 110 dB SPL up to 1.5 kHz, and decreased with frequen-
cy at higher frequencies, for both sizes of the stapes prostheses.                               
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pling indices up to 1 kHz (less than 1.5 dB (19%)) and very 
high coupling indices in the higher frequencies (more 
than 9.5 dB (200%) at 6 kHz). At 2 kHz, the two K-Pistons 
had large individual differences in coupling indices (5 
dB).

  Discussion 

 In this study, functional outcomes of reconstruction 
with a DACS PI were evaluated from measurements of 
volume displacements at the RW in TBs. With a constant 
voltage on the DACSP PI from 0.25 to 6 kHz, implanted 
TBs showed excellent sound transmission up to 1.5 kHz 
(maximum ESPL  1 110 dB SPL), where the actuator of the 
DACS PI has its first resonance. Above this resonance, 
the functional outcome was sloping, reaching a maxi-
mum ESPL of 90 dB SPL at 8 kHz. This was caused by 
different roll-offs of the volume displacement at the RW 
between the normal and reconstructed TBs. While the 
roll-off slope of about 65 dB/decade was found in recon-
struction with the DACS PI, the corresponding slope was 
in the range of 25–45 dB/decade with an overall slope of 
40 dB/decade in normal TBs.

  While a constant voltage through the frequency range 
of measurement was applied to the DACS PI actuator in 

our study, input power on the DACS PI actuator was 
maintained constant in a study by Bernhard et al. [2006]. 
In their study, the desired resonance frequency and roll-
off slope above the resonance frequency were obtained 
from the middle ear transfer function of a fresh TB, and 
were denoted as 1 kHz and 40 dB/decade, respectively. 
These findings are in agreement with the characteristics 
of normal ears determined in our study ( fig. 6 ). With the 
constant input power in their measurement, the DACS PI 
system showed the resonance frequency to be around
1 kHz and the roll-off slope to be about 45 dB/decade 
 after the resonance, results which were similar to their 
desired values. The difference of the roll-off slope be-
tween their work (with constant power supply) and our 
study (with constant voltage) is presumed to be mainly 
due to relatively high inductive impedance of the coil in-
side the DACS PI actuator at higher frequencies.

  The DACS PI was designed for patients with severe to 
profound mixed hearing loss due to advanced otosclero-
sis. By directly stimulating the cochlea, it is bypassing 
the sound conduction of the middle ear and is therefore 
particularly effective with impaired middle ear sound 
transmission due to a fixed ossicular chain. In such pa-
tients, the device’s amplification is effectively with re-
spect to measured bone conduction thresholds, which 
may be 10–50 dB better than air-conduction thresholds. 
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  Fig. 8.  Mean values of the coupling index (CIX) in decibels for the 
SMart Piston of 0.8 mm diameter. Vertical bars indicate the cor-
responding standard deviations. The coupling quality was worse 
in the high (2.1  8  1.6 dB at 6 kHz) versus the low frequencies (     ! 1 
dB up to 1 kHz).                         
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The device has potential benefit for patients with mixed 
hearing loss when the conductive component is due, for 
example, to advanced otosclerosis, trauma, infections, or 
complex ear atresia combined with inner ear deformi-
ties. While the ESPL is expected to be sufficient for severe 
to profound mixed hearing loss, the device is presumed 
to be impractical for use in pure sensorineural hearing 
loss as its placement may interfere with a normal ossicu-
lar chain.

  The maximum ESPL was compared for the two differ-
ent sizes of the SMart Piston, and was similar for both 
sizes. Considering only the ratio of the cross-sectional 
areas (=2.56) between the two different sizes, the maxi-
mum SPLs were expected to differ by approximately 8 dB 
(i.e. 20log2.56  ;  8), if motion of the prosthesis for the two 
different sizes has an equal magnitude and direction. 
Three possible reasons may account for the non-signifi-
cant differences between the two sizes. First, the SMart 
Piston of 0.8 mm diameter (3.388 mg) is twice as heavy 
as the one of 0.5 mm diameter (1.601 mg). The greater 
inertia with the larger size results in a smaller magnitude 
of motion. Second, the larger size has a larger fluid im-
pedance due to the greater contact area with fluid at the 
prosthesis end. Third, at the interface between the piston 
prosthesis and the piston hole, the prosthesis with the 
larger diameter has a greater contact area with the side 
wall of the hole. The increased contact area is expected to 
cause an increase in friction. In addition, while the hole 
for the SMart Piston of 0.5 mm diameter could be made 
inside the stapes footplate, the hole for the SMart Piston 
of 0.8 mm diameter was usually made through the pe-
ripheral cochlea bone as well as the stapes footplate (the 
diameter of the hole for the SMart Piston of 0.8 mm di-
ameter was 1.0 mm, and the length of the short axis of the 
footplate was around 1.0 mm). These may cause more 
frictional forces between the prosthesis and the side wall 
of the hole in reconstruction with the SMart Piston of 0.8 
mm diameter.

  In comparing the functional outcomes with the two 
different prosthesis sizes, it would be optimal to try both 
with each TB. However, attaching the two sizes to the 
same TB without changing any of the TB properties was 
technically difficult. A time-dependent change of the 
properties of the TB was also of concern, even though we 
moistened the TB during preparation between the mea-
surement stages. As the DACS PI-aided ear did not use 
the existing middle ear structure and the stapes was im-
mobilized, it was assumed that the RW volume displace-
ment reflected only stimulation by the DACS-PI and the 
prosthesis with incompressibility of the cochlear struc-

tures. However, the relative positions and orientations be-
tween the AI, the prosthesis, and the stapes footplate 
could be different for each TB preparation, and this was 
a limitation in comparing the two different sizes of pros-
theses in this study.

  The AI of the DACS showed good coupling quality 
with the SMart Piston of both 0.4 and 0.8 mm diameter 
from 0.25 to 6 kHz. Coupling qualities with the F-Piston 
and K-Piston were lower or more variable above 2 kHz. 
Better coupling of the self-crimping prosthesis with the 
incus has also been observed in stapes surgeries [Huber 
et al. 2008]. However, in such surgeries, the relative dif-
ference between the self-crimping and conventional sta-
pes prostheses was 1–4 dB, and was more uniformly dis-
tributed in the frequency range of 0.125–6 kHz. The 
sources for larger differences in coupling quality between 
the self-crimping prosthesis and other prostheses in 
DACS PI-aided ears at high frequencies were not investi-
gated systematically; however, it is likely that the self-
crimping prosthesis provided better coupling above 2 
kHz in the DACS PI-aided ears. Therefore, intra-opera-
tive examination of the coupling quality between the AI 
of the DACS PI and the stapes prosthesis is unnecessary 
when self-crimping prostheses are used surgically.

  Conclusion 

 The effectiveness of reconstruction with a DACS PI 
was assessed using the maximum ESPL obtained from 
the measurement of the volume displacement at the RW, 
and by coupling qualities at the interface between the AI 
of the DACS and the stapes prosthesis. The maximum 
ESPL (for an applied voltage of 0.3 V) in reconstruction 
with a DACS PI was excellent ( 1 110 dB up to the resonant 
frequency of 1.5 kHz, and  1 90 dB for the higher frequen-
cies). The difference of the maximum ESPL between the 
low and high frequencies was due to relatively high in-
ductive impedance of the DACS PI actuator for higher 
frequencies, and is expected to be smaller when constant 
input power on the DACS PI actuator is the parameter. 
The coupling quality between the AI and the prosthesis 
was best when a SMart Piston was used. Therefore, a self-
crimping prosthesis is recommended for use with the 
DACS PI system.
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