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1- and 0.5-mm tips, with the RW niche intact. Niche drilling 

increased the  H  EV  to 0.73 and 0.832 mm/s/V for the 1- and 

0.5-mm tips, respectively. The tip diameter produced no dif-

ference in output at low and medium frequencies; however, 

the 0.5-mm tip was 5 and 6 dB better than the 1-mm tip at 

high frequencies before and after niche drilling, respective-

ly. Drilling the niche significantly improved the output by

4 dB at high frequencies for the 1-mm tip, and by 6 and 10 

dB in the medium- and high-frequency ranges for the 0.5-

mm tip.  Conclusion:  The AMEI was able to successfully drive 

the RW membrane in cadaveric temporal bones using a clas-

sical facial recess approach. Stimulation of the RW mem-

brane with an AMEI without drilling the niche is sufficient for 

successful hearing outputs. However, the resection of the 

bony rim of the RW niche significantly improved the RW 

stimulation at medium and higher frequencies. Drilling the 

niche enhances the exposure of the RW membrane and fa-

cilitates positioning the implant tip. 

 Copyright © 2010 S. Karger AG, Basel 
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 Abstract 

  Objectives:  To assess the importance of 2 variables, trans-

ducer tip diameter and resection of the round window (RW) 

niche, affecting the optimization of the mechanical stimula-

tion of the RW membrane with an active middle ear implant 

(AMEI).  Materials and Methods:  Ten temporal bones were 

prepared with combined atticotomy and facial recess ap-

proach to expose the RW. An AMEI stimulated the RW with 2 

ball tip diameters (0.5 and 1.0 mm) before and after the re-

section of the bony rim of the RW niche. The RW drive per-

formance, assessed by stapes velocities using laser Doppler 

velocimetry, was analyzed in 3 frequency ranges: low (0.25–

1 kHz), medium (1–3 kHz) and high (3–8 kHz).  Results:  Driv-

ing the RW produced mean peak stapes velocities  (H  EV  ) 

of 0.305 and 0.255 mm/s/V at 3.03 kHz, respectively, for the 
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 Introduction 

 Conventional hearing aids have advanced tremen-
dously throughout the last decade with miniaturization 
and improvements in digital signal processing. However, 
they are subject to limitations such as occlusion of the ear 
canal, chronic irritation, acoustic feedback, sound distor-
tion and ear level limitations [Kasic and Fredrickson, 
2001; Jenkins et al., 2004]. Recently, active middle ear im-
plants (AMEI) have been developed to overcome these 
problems [Kasic and Fredrickson, 2001; Jenkins et al., 
2004, 2007, 2008]. The floating mass transducer of the 
Vibrant Soundbridge from Med-El (Innsbruck, Austria), 
the Middle Ear Transducer TM  from Otologics LLC (Boul-
der, Colo., USA) and the Esteem 2 (Envoy Medical, St. 
Paul, Minn., USA) are three commercially available 
AMEI for the treatment of moderate-to-severe sensori-
neural hearing loss in adults [Kasic and Fredrickson, 
2001; Sterkers et al., 2003; Jenkins et al., 2004, 2007, 2008; 
Barbara et al., 2009]. Some of these devices have been ap-
plied in conductive or mixed hearing loss therapy [Col-
letti et al., 2006; Siegert et al., 2007; Venail et al., 2007; 
Hüttenbrink et al., 2008; Tringali et al., 2008, 2009; Bel-
trame et al., 2009; Lefebvre et al., 2009; Martin et al., 
2009] but none are currently FDA approved for this ap-
plication. In these cases, the AMEI transducer tips have 
been modified so that they can be attached to various 
parts of the ossicular chain, such as the capitulum or 
footplate of the stapes. However, in some clinical situa-
tions, the remaining ossicles are not available (e.g. after 
multiple surgeries for cholesteatoma and stapedectomy 
or for chronic otitis media). For these conditions, provid-
ing the mechanical drive via the AMEI through the round 
window (RW) membrane is a viable option to deliver 
stimulation to the inner ear. Recently, the authors have 
reported initial clinical results with direct sound transfer 
to the inner ear through the RW membrane using the 
Otologics AMEI [Lefebvre et al., 2009; Martin et al., 2009; 
Tringali et al., 2009]. The feasibility of acoustic transfer 
to the inner ear via the RW was initially reported in hu-
mans using the floating mass transducer [Colletti et al., 
2006].

  Currently, there is limited knowledge regarding the 
relative importance of AMEI placement factors that may 
influence the efficacy of mechanically stimulating the 
RW membrane with an AMEI. For example, variance in 
the positioning of the implant with regard to the RW 
membrane may be an important variable. There is no 
consensus in the literature regarding the optimal site for 
the positioning, or effective methods of mechanically 

coupling, the AMEI to the RW for optimal stimulation. 
The aims of this study were to assess in human cadaveric 
temporal bones the effects on performance of two RW 
AMEI placement variables: the diameter of the spherical 
tip of the transducer and widening the exposure of the 
RW membrane.

  Material and Methods 

 Temporal Bone Preparation 
 The use of temporal bone tissue was in compliance with the 

University of Colorado Denver Institutional Biosafety Commit-
tee. Ten temporal bones were evaluated. All temporal bones were 
obtained from cadavers that were undergoing autopsy with per-
mission to use tissues and organs for research, and were frozen 
prior to use (LifeLegacy Foundation, Tucson, Ariz., USA). The 
temporal bones were prepared using a Schuknecht plug cutter 
[Nadol, 1996]. These bones were from individuals with no history 
of middle ear disease (except presbyacusis). In each temporal 
bone, after thawing, the tympanic membrane and middle ear 
were inspected with an operating microscope (Zeiss, Oakland, 
Calif., USA) to make sure the ear appeared normal; bones with 
abnormal tympanic membranes or middle ear diseases (anomaly 
or fixation of the ossicular chain) were not used.

  For each temporal bone, a canal-wall-up mastoidectomy was 
performed, and the facial recess opened to visualize the RW and 
stapes. The stapedius tendon was severed in order to maximize 
the exposure of the stapes. In all cases, the mastoid segment of the 
facial nerve and the chorda tympani were preserved in order to 
provide the same view of the stapes footplate, posterior crus and 
RW as that obtainable in surgical exposures in patients [Lefebvre 
et al., 2009; Tringali et al., 2009]. The RW was inspected and the 
false membrane removed. The mechanical properties of the mid-
dle and inner ear were first confirmed by measuring the stapes 
and RW membrane velocities with acoustic stimulation from the 
external auditory canal via an appropriately calibrated insert ear-
phone. The bones with acoustic stapes-velocity transfer functions 
outside the range described in the criteria by Rosowski et al. 
[2007] were excluded. In all cases, the bony overhang of the RW 
niche was initially preserved. The prepared bones were firmly 
mounted in a holding block for study and were kept hydrated with 
saline solution (0.9%) to prevent any change in the transfer func-
tion [Willi et al., 2002].

  Acoustic Calibration and Stimulus Presentation 
 All experiments were performed in a double-walled, sound-

attenuating room (Industrial Acoustics Company, Bronx, N.Y., 
USA). Acoustic stimuli were presented via a foam insert earphone 
fixed into the bony ear canal stabilized with super glue. Vaseline 
was added as needed to the perimeter of the foam to prevent 
acoustic leakage. The earphone (Tucker Davis Technologies mod-
el CF1, TDT, Alachua, Fla., USA) was driven by sinusoidal stim-
uli generated by a TDT RX6 digital-to-analog converter. A micro-
phone (Brüel and Kjær Type 4182, Norcross, Ga., USA) with a 
precalibrated 50-mm-long probe tube attached was positioned to 
within 1 mm of the center of the tympanic membrane by drilling 
a small hole in the posterior part of the bony ear canal. The mi-
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crophone output was preamplified (Brüel and Kjær Dual Micro-
phone Supply 5935L) and recorded using the analog-to-digital 
converters of a TDT RX6. The sealed earphone assembly was cal-
ibrated for tones from 100 Hz to 14 kHz by the microphone. The 
calibration data were used to compute digital filters that equal-
ized the system and yielded flat responses ( 8 2 dB) up to 14 kHz. 
After equalization, the maximum outputs across the frequencies 
of interest were at least 100 dB SPL. The stimuli were presented 
either through the acoustic closed-field earphones as above or via 
an AMEI transducer placed on the RW membrane. The stimuli 
were 30 log-spaced frequencies (0.25–14 kHz; 5 frequencies/oc-
tave) and in 5-dB steps spanning 80–100 dB SPL. The stimuli were 
generated in MATLAB (version 7.1; The MathWorks Inc., Natick, 
Mass., USA) and presented at a nominal sampling rate of 100 kHz 
at full 24-bit resolution using the TDT system III hardware (TDT 
RX6). Stimulus intensity was controlled via a TDT PA5 attenua-
tor. The probe microphone signals near the tympanic membrane, 
and the stapes velocity output from the laser Doppler vibrometer 
(LDV) were simultaneously captured at 100 kHz via the analog-
to-digital converters on a TDT RP2.1 and stored to disk.

  Measurements of Stapes Velocity 
 Microsphere (50- � m-diameter beads) reflective mirrors (0.5 

mm 2 ; Scotchlite TM ; 3M, St. Paul, Minn., USA) were placed on the 
stapes capitulum just on top of the insertion of the stapedius ten-
don and on the RW membrane to improve the LDV signal (Mod-
el No. HLV-1000 with CLV-700 head; Polytec Inc., Waldbronn, 
Germany). The LDV controller sensitivity was typically set to 25 
mm/s/V and the input was low-pass- and high-pass-filtered at 30 
kHz and 100 Hz, respectively. The LDV beam was positioned via 
a joystick-controlled aiming prism (HLVMM2; Polytec Inc.); the 
beam was visualized by a Zeiss microscope, onto which the LDV 
head was attached. Our bone preparation allowed us to achieve 
LDV laser angles for stapes velocity measurements between 65° 
and 80° from the axis of piston-like stapes motion. The stapes and 
RW velocities were first measured with acoustic closed-field stim-
ulation before driving the RW with an AMEI in order to confirm 

if the stapes and the RW velocities were in the normal range de-
fined by Rosowski et al. [2007]. Stapes velocity was again mea-
sured by stimulating the RW with the AMEI. Finally, with the 
power to the transducer turned off and no stimulus applied, sta-
pes velocity was then remeasured with acoustic stimulation to 
assess the decrease in stapes velocity due to the transducer push-
ing against the RW during forward acoustic stimulation.

  AMEI Loading on RW and Resection of RW Niche 
 The AMEI used in this study was the Otologics Middle Ear 

Transducer (middle ear transfer, Ossicular Stimulator; Otologics 
LLC) with 2 ball tip diameters, 0.5 and 1.0 mm. The AMEI was 
securely fixed to a stereotaxic micromanipulator (Model 1404; 
David Kopf Instruments, Tujunga, Calif., USA) that was then ad-
vanced under microscopic visualization into the niche of the RW 
( fig. 1 a). The first contact of the AMEI with the RW was con-
firmed by a slight change in the impedance and inductance indi-
cated by the transducer loading assistant (TLA) software and by 
direct visualization.

  The TLA (Otologics Software; Otologics LLC) facilitates the 
objective assessment of the degree of static loading of the AMEI 
by measuring and displaying in real time on a PC monitor the 
electrical impedance magnitude (units of ohms), measured at the 
resonance frequency of the transducer (determined from the un-
loaded condition with a resolution of 100 Hz), and the inductance 
(units of millihenry) measured at 1 kHz. The TLA is essentially a 
custom-built LCR (L for inductance, C for capacitance and R for 
resistance) meter that measures these values in the same way that 
a commercial LCR meter does. The measurement of these proper-
ties of the AMEI is useful because any electromechanical trans-
ducer, such as the AMEI studied here, will exhibit under load an 
impedance curve with frequency, the shape of which is deter-
mined by characteristics of the transducer itself, and by the mass, 
damping and spring rate of the load. Within a range, the peak 
impedance at resonance changes nearly linearly with the applied 
load. The AMEI is connected to the TLA device via a direct con-
nection during the loading phase using an adapter. The TLA was 

a b c
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AMEI tip

  Fig. 1.   a  Schematic diagram explaining the position of the tip of 
the transducer for RW application in a left ear (schematic diagram 
provided by Otologics LLC).  b  1.0-mm-diameter AMEI tip after 
final positioning onto the RW niche in a left ear. Note that the RW 
membrane itself is fully hidden by the AMEI ball tip, precluding 
visual confirmation that the AMEI tip is in contact with the mem-

brane. CT = Chorda tympani; FN = facial nerve.  c  0.5-mm-diam-
eter AMEI tip after final positioning onto the RW niche in a left 
ear. With the 0.5-mm ball tip, some part of the RW membrane 
(RWM) remains visible, allowing confirmation of the direct 
placement of the tip onto the membrane. The reflective mirror is 
on the posterior crus of the stapes. 
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designed to provide information to help surgeons in optimally 
and consistently loading the transducer onto an ossicle. The TLA 
software consists of 2 display screens which contain the real-time 
loading information. The top screen shows the reactive compo-
nent of the system impedance (similar to the transducer induc-
tance) as measured at 1 kHz. The bottom screen shows the mag-
nitude of the peak system electrical impedance, which occurs at 
the resonance frequency. Finally, the measured DC resistance is 
displayed as well; according to the manufacturer, this should al-
ways be approximately 120  �  for a properly connected transduc-
er, either loaded or unloaded.

  The values from the TLA were used to help load the AMEI tip 
onto the RW consistently across each experimental condition. For 
each placement, the AMEI was advanced toward the RW by turn-
ing an adjustment screw, where each full turn of the screw ad-
vanced the tip by 0.25 mm (250  � m). Using the screw, the AMEI 
was carefully loaded onto the RW so as to achieve the same change 
in transducer impedance and inductance (measured by the TLA 
software) with respect to the unloaded case. Here, the estimated 
final mechanical force applied to the RW was typically several 
hundred dynes (approx. 1000 dynes at 1 kHz [Kasic and Fredrick-
son, 2001]), with the exact value dependent on the individual 
transducer. The static loading of the AMEI on the RW necessary 
to maximize performance remains to be determined by future 
experimental investigation.

  Each experiment began by first positioning the 1-mm-diam-
eter ball tip visually inside the niche of the RW, using the micro-
manipulator and the TLA data ( fig. 1 b). Afterwards, the stapes 
velocities were measured. The same measurements were then re-
peated with the 0.5-mm tip ( fig. 1 c). After finishing the measure-
ments for the 1-mm and 0.5-mm ball tips, the area caudal to the 
subiculum (fossula fenestrae cochleae) was reshaped, drilling 
away the anterior and posterior margins of the bony lip surround-
ing the RW in order to obtain a complete visualization of the RW 
membrane ( fig. 2 ). The RW niche was gently drilled in order to 
obtain a complete visualization of the whole RW annulus without 
RW membrane damage. In 1 case, the RW membrane was dam-
aged during the drilling, and the temporal bone was excluded. 
There was no RW membrane damage by the tip of the transducer 
observed in the present study during the positioning of the trans-
ducer. However, RW damage had previously been reported in a 
clinical report [Martin et al., 2009]. Once the RW niche was 
drilled, the same procedures described above were repeated on 
each temporal bone.

  The LDV measurement angle to the stapes was kept constant 
before and after drilling the bony rim of the RW niche. After 
niche drilling, the AMEI was loaded on the RW at the same angle 
and with the same range of loads (as assessed by the impedance 
and inductance measures by the TLA software) as before the 
niche resection. The AMEI-to-RW angle remained approximate-
ly constant as the relative positions of the micromanipulator and 
temporal bone placement on the stereotaxic apparatus were not 
changed during the drilling of the bone. This ensured as best as 
possible the isolation of just the effect on performance of the RW 
niche. To further isolate the effects of the variables, the data were 
examined separately within each temporal bone before averaging 
the performance across bones. At the end of the experiment, a 
meticulous otoscopic analysis of the middle ear confirmed the 
integrity of the RW membrane.

  Data Processing and Statistical Analysis 
 Both the closed-field acoustic transfer function  H  TV  and the 

electrovibrational transfer function  H  EV  were computed from the 
measured stapes velocities as described by Rosowski et al. [2007] 
and in the ASTM Standards for Middle Ear Implants [ASTM, 
2005]. The closed-field acoustic transfer function  H  TV  was mea-
sured as  V  U   /P  T  ,  where  V  U  is the stapes velocity (root mean square 
value, rms) for acoustic stimulation and  P  T  is the sound pressure 
(rms) measured at the tympanic membrane. The closed-field 
acoustic transfer function with the AMEI loaded (unpowered, no 
stimulus applied) on the RW,  H  TV  Implanted  ,  was measured as
 V  U  Implanted  /P  T  ,  where  V  U  Implanted  is the stapes velocity (rms) for 
acoustic stimulation when the AMEI is placed on the RW, and  P  T  
is the sound pressure (rms) measured at the tympanic membrane. 
The difference in stapes velocity with the AMEI placed passively 
on the RW  (  �  H  TV  )  relative to the normal  H  TV  was calculated as 
 �  H  TV  = 20 � log10( H  TV  Implanted / H  TV ). The  �  H  TV  estimates via the 
changes in stapes velocity the acoustic hearing loss that might be 
expected when the AMEI is placed on the RW. The  �  H  TV  was 
computed for each ball tip size and RW niche conditions.

  The electromechanical transfer function  H  EV  was measured as 
 V  A  /E,  where  V  A  is the stapes velocity measured in response to me-
chanical RW stimulation by the AMEI, and  E  the voltage provid-
ed to the AMEI transducer in volts (rms). We used the  H  EV  mea-
surements to objectively compare the relative effects on the AMEI 
performance of ball tip size and RW niche drilling.

  The 2-way repeated ANOVA test was performed to compare 
the performance of the AMEI with the 2 ball tip diameters and 

a b

  Fig. 2.   a  RW exposure, including the false 
membrane (arrow), before drilling the 
niche. With the niche and false membrane 
intact, the RW membrane is not clearly 
visible (left ear).  b  Complete niche drill-
ing, fully exposing the RW membrane. 
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with RW niche drilling. The p values (p  !  0.05 selected as signif-
icant value) were shown for each comparison using repeated 
ANOVA. The data were analyzed and compared in 3 approxi-
mately 1-octave-wide frequency ranges: low (0.25–1 kHz), medi-
um (1–3 kHz) and high (3–8 kHz).

  Results 

 Control Experiment: Expected Variability in 
Performance due to Repeated AMEI Loadings on
the RW 
 In order to explore the effect of the AMEI placement 

variables on performance, the AMEI was as a necessity 
placed (i.e. loaded), removed and replaced on the RW 
membrane of each temporal bone several times. The 
question naturally arises as to whether the improvement 
or worsening of performance due to the manipulation of 
a placement variable in this (or any study) was due to that 
variable or simply due to the fact that the AMEI was re-
placed again on the RW. To assess the range of the ex-
pected variability in performance of AMEI-driven RW 

due to the repeated placement of the AMEI, a control ex-
periment was performed in 2 temporal bones where the 
AMEI was placed, removed and replaced on the RW at 
least 11 times. In each case, the AMEI was carefully load-
ed as described above so as to achieve the same change in 
transducer impedance and inductance (measured by the 
TLA software) with respect to the unloaded case. The 
stapes velocity transfer functions  (H  EV  )  were measured 
for each loading, and the variability in the performance 
was assessed across the 11 runs. In effect, these control 
experiments determine the range of the expected perfor-
mance of RW stimulation in a surgical setting, given a 
consistent placement of the AMEI on the RW as assessed 
by visual inspection by the surgeon and an objective load-
ing assessment by changes in transducer impedance and 
inductance.

  These control experiments revealed that repeated 
loading and unloading of the AMEI on the RW produced 
quite consistent results, with a range of  H  EV  functions of 
just  8 2.5 dB when computed across both bones tested 
and all frequency ranges. Thus, any resulting change in 
performance that falls in the range of  8 2.5 dB is likely 
not a meaningful change. In each case, the loading as as-
sessed objectively via the impedance and inductance 
changes measured by the TLA software (see Material and 
Methods) was consistent.

  Acoustic Closed-Field Transfer Functions (HTV)   
 The results are from measurements in 10 temporal 

bones. The closed-field middle ear transfer functions 
 (H  TV  )  were computed from the recorded stapes velocities. 
 Figure 3  shows the individual measurements of  H  TV  for 
each temporal bone. The shaded region shows the 95% 
confidence interval for  H  TV  from Rosowski et al. [2007]. 
The data from 4 temporal bones with  H  TV  consistently 
outside the 95% confidence interval (CI) were discarded 
for further studies (these 4 discarded bones are not shown 
in  fig. 3 ).

  Electrovibrational Transfer Function (HEV)   
 The electrovibrational transfer function  (H  EV  )  mea-

sured for the 10 temporal bones with the RW niche intact, 
along with the mean and 95% CI computed across bones 
for the 4 different conditions, are shown in  figure 4 .  Fig-
ure 4 a shows the  H  EV  using a 1-mm ball tip. These trans-
fer functions showed a peak of 0.305 mm/s/V at 3.03 kHz. 
The mean  H  EV  was 0.048, 0.15 and 0.081 mm/s/V for the 
low-, medium- and high-frequency ranges, respectively. 
 Figure 4 b shows the  H  EV  using a 0.5-mm ball tip. These 
transfer functions show a peak of 0.255 mm/s/V at 3.03 
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  Fig. 3.  Closed-field acoustic middle ear transfer functions  (H  TV  ) 
 measured at the stapes in 10 human temporal bones (TB). The 
shaded area depicts the 95% CI of the acoustic middle ear transfer 
functions measured in a large population of temporal bones by 
Rosowski et al. [2007]. A1–4 = Specimen numbers; R = right side; 
L = left side.     
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kHz, and a secondary peak of 0.27 mm/s/V in the 6- to 
8-kHz-frequency range. The mean  H  EV  was 0.048, 0.113 
and 0.148 mm/s/V for the low-, medium- and high-fre-
quency ranges, respectively.

  The  H  EV  measured for the 1-mm and 0.5-mm ball tips 
after drilling the RW niche are shown in  figure 4 c and d, 
respectively. The  H  EV  increased to 0.73 mm/s/V at 3.03 
kHz for the 1-mm ball tip, and to 0.832 mm/s/V at 3.03 
kHz with a secondary peak of 1.094 mm/s/V in the 6- to 
8-kHz-frequency range for the 0.5-mm ball tip. After the 
RW niche drilled, the mean  H  EV  values were 0.055, 0.277 
and 0.198 mm/s/V for the low-, medium- and high-fre-
quency ranges, respectively, for the 1-mm ball tip, and 

0.056, 0.266 and 0.497 mm/s/V, respectively, for the same 
frequency ranges for the 0.5-mm ball tip.

  Difference in Acoustic Stapes Velocity with AMEI
on RW ( �  H  TV ) 
 The mean difference in acoustic stapes velocity with 

the AMEI on the RW relative to no AMEI on the RW 
 (  �  H  TV  )  computed across the 10 temporal bones along 
with the 95% CI for the 4 different conditions are shown 
in  figure 5 .  Figure 5 a and b shows the  �  H  TV  using 1-mm 
and 0.5-mm ball tips, respectively, with the RW niche in-
tact.  Figure 5 c and d shows the  �  H  TV  measured for 1-mm 
and 0.5-mm ball tips, respectively, after drilling the RW 

M
a

g
n

it
u

d
e

 (
m

m
/s

/V
)

0.01

0.1

1

M
a

g
n

it
u

d
e

 (
m

m
/s

/V
)

0.01

0.1

1

M
a

g
n

it
u

d
e

 (
m

m
/s

/V
)

0.01

0.1

1

M
a

g
n

it
u

d
e

 (
m

m
/s

/V
)

0.01

0.1

1

Frequency (kHz)

1 80.2

a

2 4

Frequency (kHz)

1 80.2 2 4

b

Frequency (kHz)

1 80.2

c d

2 4

Frequency (kHz)

1 80.2 2 4

  Fig. 4.  Electrovibrational transfer functions  (H  EV  )  measured with 
AMEI on RW. Solid lines and shaded regions in each panel indi-
cate the across-bone means and 95% CI (n = 10), respectively.
 a   H  EV  for 1-mm ball tip before drilling the RW niche.  b   H  EV  for 

0.5-mm ball tip before drilling the RW niche.  c   H  EV    for 1-mm ball 
tip after drilling the RW niche.  d   H  EV    for 0.5-mm ball tip after 
drilling the RW niche.  
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niche (positive values mean improving, and negative val-
ues decreasing acoustic stapes velocity). On average, 
across the frequency ranges tested, the  �  H  TV  due to load-
ing the AMEI on the RW was 0.2  8  0.6 and 0.6  8  1.7 dB 
for the ball tips of 1 mm and 0.5 mm diameter, respec-
tively, before RW niche drilling. For the static loads used 
here (which are surgically relevant), there was a negligible 
difference in acoustic stapes velocity observed with the 
different AMEI ball tip diameters before RW niche drill-
ing. After the RW niche was carefully drilled, the  �  H  TV  
was –2.1  8  0.7 and –0.85  8  1 dB for the 1-mm and 0.5-
mm ball tips, respectively. The difference in acoustic sta-
pes velocity was decreased by 2.3 and 0.8 dB, respectively, 

for the 1-mm and 0.5-mm ball tips by RW niche drilling 
compared to no drilling. Across all bones and frequencies 
tested, none of the  �  H  TV  reached significance (p  1  
0.05).

  Effect of Ball Tip Diameter 
 To objectively compare the contact effect on perfor-

mance of the AMEI driving the RW with the 2 different 
ball tip diameters and with the RW niche intact or 
drilled, the differences between the  H  EV  functions were 
computed for each of these conditions to isolate the
relevant effects. This  �  H  EV , defined here by 20 � log10

( H  EV  1-mm tip  /H  EV  0.5-mm tip ), was computed for each bone 
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individually, and then these differences were averaged 
across the 10 bones. This procedure was done to isolate 
the effects on performance of the variable being studied 
(e.g. tip size) from inter-bone differences in  H  EV . In this 
section, the effect of the ball tip diameter was examined 
by computing the    �  H  EV  produced by the 1-mm and the 
0.5-mm ball tips under the 2 RW niche conditions, in-
tact or drilled.

   Figure 6 a shows the  �  H  EV  resulting from the 2 tip di-
ameters before drilling the RW niche. In both parts of 
 figure 6 , negative values indicate that the 0.5-mm ball tip 
produced a better performance (i.e. larger  H  EV ), while 
positive values indicate that the 1-mm tip produced a bet-
ter performance. With the RW niche intact, the ANOVA 
indicated no significant effect of the ball tip diameter on 
performance [F(1, 9) = 0.1; p = 0.75; n = 10] in the low-
frequency range, with a mean difference of only –0.2 dB. 
No significant differences were found either in the
mid-frequency range, with a mean difference of +2.4 dB 
[F(1, 8) = 2.93; p = 0.09; n = 10]. In the high-frequency 
range, however, there was a significant effect of the ball 
tip diameter [F(1, 6) = 6.44; p = 0.012; n = 10] with a mean 
difference of –4.5 dB. In the last case, the negative differ-
ence indicates that the 0.5-mm tip significantly outper-
forms the 1.0-mm tip by 4.5 dB. This value (4.5 dB) also 
exceeds the range of expected variability due to repeat 
loadings of the AMEI on the RW (approx.  8 2.5 dB) de-

tailed in the control experiments (see subsection Control 
Experiment above).

   Figure 6 b shows the comparison between the  H  EV  of 
1-mm and 0.5-mm ball tips after drilling the RW niche. 
There was no significant effect of the ball tip diameter on 
performance [F(1, 9) = 0.19; p = 0.66; n = 6] in the low-
frequency range with a mean difference of –0.36 dB. 
There was also no significant difference [F(1, 8) = 0.17;
p = 0.67; n = 6] between ball tip diameters in the mid-
frequency range with a mean difference of 0.67 dB. As 
before, however, there was a significant effect on perfor-
mance of the ball tip diameter [F(1, 6) = 7.39; p = 0.008;
n = 6] in the high-frequency range, with a mean differ-
ence of –6.1 dB. In the last case, the negative difference 
indicates that the 0.5-mm ball tip significantly outper-
formed the 1.0-mm tip by 6.1 dB in only the high-fre-
quency range (see also subsection Control Experiment 
above).

  Effect of Drilling RW Niche 
 As in the subsection Effect of Ball Tip Diameter above, 

the differences in performance in terms of  �  H  EV   = 
 20 � log10( H  EV  With niche drilled  /H  EV  With intact niche ) were com-
puted for the 2 ball tip diameters before and after drilling 
the niche.  Figure 7 a and b shows the performance differ-
ences resulting from drilling the RW niche in terms of 
 �  H  EV  for the 1-mm and 0.5-mm tips, respectively. Here, 
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positive values indicate that RW niche drilling improved 
performance, while negative values indicate that the RW 
intact condition produced the best results.

   Figure 7 a shows the  �  H  EV  for the 1-mm ball tip with 
the RW intact and after drilling. There was no significant 
effect on performance of RW niche drilling [F(1, 9) = 0.01; 
p = 0.93; n = 6] in the low-frequency range, with a mean 
of 0.07 dB. There was also no significant difference [F(1, 
8) = 2.12; p = 0.148; n = 6] in the medium-frequency range, 
with a mean improvement of 2.1 dB. There was a signifi-
cant effect of RW niche drilling [F(1, 6) = 6.5; p = 0.013; 
n = 6] in the high-frequency range with a mean difference 
of 4.22 dB. The positive value indicates that drilling the 
RW niche produced a significant improvement in  H  EV  of 
4.22 dB with the 1.0-mm ball tip. The value of 4.22 dB 
also exceeds the  8 2.5-dB variability assessed in the con-
trol experiments (subsection Control Experiment).

   Figure 7 b shows the  �  H  EV  for the 0.5-mm ball tip with 
the RW niche intact and after drilling. There was no sig-
nificant effect of drilling the RW niche [F(1, 9) = 0.37;
p = 0.54; n = 6] in the low-frequency range, with a mean 
of 0.6 dB. There was a significant effect of drilling the RW 
niche [F(1, 8) = 12.45; p = 0.007; n = 6] in the mid-fre-
quency range, with a mean improvement of 5.6 dB. There 
was also a significant effect [F(1, 6) = 17.4; p = 0.0001; n = 
6] in the high-frequency range, with a mean improve-
ment of 10.2 dB. The positive values of 5.6 and 10.2 dB in 
the mid- and high-frequency ranges, respectively, indi-
cate that drilling the RW niche significantly improved 

performance with the 0.5-mm ball tip. The values of 5.6 
and 10.2 dB also exceeded the  8 2.5-dB variability as-
sessed in the control experiments (subsection Control 
Experiment).

  Discussion 

 Why Does Tip Size and Drilling the Lip of the RW 
Niche Affect Performance? 
 First, from a surgical point of view, drilling the niche 

increases the surgical visualization of the RW membrane, 
and this fact makes the positioning of the AMEI on the 
RW more accurate. Second, particularly with the 1.0-mm 
tip, the tip may come into contact with the bony niche in 
addition to the RW. The additional contact with the niche 
would be expected to reduce the direct transmission of 
vibratory energy to the RW, thus reducing performance. 
A positioning of the tip parallel to the visual access 
through the posterior tympanotomy occludes some part 
of the RW membrane, especially with an intact niche 
(without drilling) and with a 1.0-mm tip. However, even 
in this case, because we took great care to consistently 
position the tip with the same loading parameters (ac-
cessed via the TLA data), within each temporal bone, we 
were confident that the position of the tip on the RW was 
approximately the same across all experimental manipu-
lations. Although we cannot rule out the possibility that 
there was some minor contact of the 1-mm AMEI tip 
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with the intact niche, we were confident that the tip was 
mostly in contact with the RW for two reasons. First, rel-
ative to the unloaded condition, the drops in impedance 
and inductance of the AMEI for a given distance of ad-
vance are vastly different when in contact with a hard 
surface like bone (or even the incus) compared to a more 
compliant surface like the RW. Second, when the AMEI 
is loaded purposefully on adjacent bone instead of the 
RW, the performance as assessed by stapes velocity drops 
precipitously.

  The lack of improvement at the low and mid frequen-
cies might be explained by a remaining tip contact with 
the niche. According to Cervera-Paz et al. [2004], the sur-
gical exposure of the RW membrane produces a mean 
diameter of 0.92 mm. Clearly, a 1.0-mm ball tip is of ap-
proximately the same diameter or larger than the distal 
end of the niche, and thus the tip is likely to be in contact 
with the rim of the membrane in addition to the RW. This 
latter hypothesis is difficult to assess since the inferior 
(proximal) part of the RW niche is hidden completely by 
the size of the ball ( fig. 1 b). For these reasons, the smaller 
diameter of the 0.5-mm tip might be useful simply be-
cause it allows better visualization and a concomitant in-
creased probability of having the tip in full contact with 
the RW membrane, even with the niche intact: using the 
0.5-mm tip, the increase in performance relative to the 
1.0-mm tip was significant both at medium and high fre-
quencies, respectively. With the 0.5-mm tip, the whole 
circumference of the membrane is visible and allows
adequately placing the tip without any bone contact 
( fig. 1 c).

  Clinical Importance of Present Study 
 Drilling the niche certainly increases the ease of access 

to the RW membrane [Roland et al., 2007] and also makes 
the coupling of the tip to the RW more complete, as dem-
onstrated objectively in this study. On the other hand, 
drilling directly on the bony part of the cochlea might 
induce an additional hearing loss (noise- or vibration-in-
duced sensorineural [Pau et al., 2007]) and may also in-
crease the risk of direct trauma to the RW membrane. 
Leaving the bony lip of the RW niche intact occludes the 
RW membrane and might increase the risk of RW rup-
ture when fitting the tip into the niche. The 0.5-mm tip 
along with RW niche drilling produced a mean advan-
tage of 6 dB for all frequencies (ranging between 0.6 dB 
below 1 kHz and 10.2 dB above 3 kHz). This benefit at 
high frequencies obtained by drilling the niche must be 
put into perspective with (1) the auditory thresholds of 
the patient and (2) the iatrogenic risks, as an overloading 

could damage the RW membrane, and drilling the niche 
may induce an additional sensorineural hearing loss.

  Rationale for RW Stimulation by AMEI 
 Mechanical stimulation of the inner ear via the RW 

has long been known to be possible, and was demonstrat-
ed qualitatively in some of the classical studies of the co-
chlea [Wever and Lawrence, 1948]. Using an AMEI, Du-
mon et al. [1995] confirmed in an animal study the po-
tential for RW stimulation by comparing measurements 
of acoustically evoked potentials to those evoked by 
piezoelectric vibrators implanted in the RW. Others have 
also confirmed this route of stimulation in animal-mod-
el studies of RW stimulation [Spindel et al., 1991, 1995; 
Zennaro et al., 1992; Koka et al., 2009] by both electro-
magnetic and piezoelectric AMEI technologies.

  Despite the apparent and successful clinical outcomes 
in a limited number of patients [Colletti et al., 2006; Bel-
trame et al., 2009; Lefebvre et al., 2009; Martin et al., 
2009; Tringali et al., 2009], few experimental data are 
available regarding the performance expectations of RW 
stimulation with an AMEI. In the present study, an AMEI 
was able to successfully drive the RW membrane in all 
cadaveric temporal bones with a classic facial recess ap-
proach. Cadaveric temporal bones are appropriate mod-
els for this type of performance assessment as previous 
reports [Chien et al., 2006, 2009] demonstrated similar 
acoustic stapes velocity transfer function measurements 
in both cadaveric temporal bones and live patients. In the 
normal ear, sound stimulation of the tympanic mem-
brane by air conduction results in the motion of the sta-
pes footplate with a corresponding motion in the cochle-
ar fluid. This motion of the stapes footplate is also re-
flected in a comparable motion of the RW membrane, at 
least for low frequencies where the fluid volume displace-
ment at the oval window nearly equals that at the RW, but 
with an opposite phase [Kringlebotn, 1995; Stenfelt et al., 
2004a]. Thus, the RW membrane motion can be used to 
assess the sound transfer function through the cochlea 
when the oval window (or stapes) is not usable [Stenfelt 
et al., 2004b].

  Estimation of Maximum Equivalent Ear Canal Sound 
Pressure Level Based on Stapes Velocity 
 There are published standards [Rosowski et al., 2007; 

ASTM, 2005] for the objective measurement of AMEI 
performance based on stapes velocity in human cadav-
eric temporal bones for AMEI when coupled to the os-
sicular chain. In these cases, stapes velocity is a reason-
able measure of the input to the cochlea via the AMEI 
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because the system is driven in the forward direction. 
However, these standards may not be applicable when es-
timating the efficiency of the RW drive with an AMEI 
because the stapes velocities in this case would be expect-
ed to be more complex due to differences in acoustic im-
pedance between the middle ear and cochlea when driv-
ing the cochlea in the reverse direction, and due to the 
potential effects of ‘third windows’ [Stenfelt et al., 2004a; 
Puria, 2003]. The consequence of these factors would 
most likely lead to an underestimate of the performance 
of an AMEI when coupled to the RW.

  With these limitations in mind, it is still useful to com-
pute an estimate of the absolute performance, the maxi-
mum equivalent ear canal sound pressure level ( L  Emax ), 
based on the standards above for ossicular stimulation 
with an AMEI in forward direction. Here, the  L  Emax  based 
on stapes velocity in response to the AMEI stimulation
of the RW was calculated by the equation given by Ro-
sowski et al. [2007]:

   L  Emax  = 20 � log 10  ( P  Emax /2  �  10 –5  Pa)
 = 20 � log 10  [  ( H  EV  /H  TV  )   �   E  max /2  �  10 –5  Pa].

  A maximum input voltage  (E  max  )  of 1 V rms  to the AMEI 
(based on the manufacturer’s instructions) was used 
along with the  H  EV  and  H  TV  for each of the 10 temporal 
bones. The mean  L  Emax  measured across the 10 temporal 
bones with the RW niche intact was 95, 98 and 104 dB 
SPL for the 1-mm ball tip, and 95, 95 and 109 dB SPL for 
the 0.5-mm ball tip, in the low-, medium- and high-fre-
quency ranges, respectively. Given the limitations of the 

method to compute the  L  Emax  mentioned above, we would 
expect the AMEI on the RW to produce at least this level 
of performance.

  Conclusion 

 Mechanical stimulation of the RW membrane by an 
AMEI in cadaveric temporal bones was achieved using a 
classic and surgically relevant facial recess approach. Our 
findings demonstrate that a stimulation of the RW mem-
brane by an AMEI without drilling the RW niche was 
sufficient for successful hearing outputs, particularly 
with a 0.5-mm tip. However, using an AMEI tip of 0.5 
mm diameter along with drilling the RW niche facilitates 
the optimal placement of the AMEI tip onto the RW, re-
sulting in a significantly increased performance (5.6–10.2 
dB) for stimulus frequencies of  1 1 kHz relative to that 
with the niche intact.
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