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Abstract
Severe to profound mixed hearing loss is associated with hearing rehabilitation difficulties.

Recently, promising results for speech understanding were obtained with a direct acoustic

cochlear implant (DACI). The surgical implantation of a DACI with standard coupling

through a stapedotomy can however be regarded as challenging. Therefore, in this experi-

mental study, the feasibility of direct acoustic stimulation was investigated at an anatomi-

cally and surgically more accessible inner ear site. DACI stimulation of the intact, blue-lined
and opened lateral semicircular canal (LC) was investigated and compared with standard
oval window (OW) coupling. Additionally, stapes footplate fixation was induced. Round win-

dow (RW) velocity, as a measure of the performance of the device and its coupling effi-

ciency, was determined in fresh-frozen human cadaver heads. Using single point laser

Doppler vibrometry, RW velocity could reliably be measured in low and middle frequency

range, and equivalent sound pressure level (LE) output was calculated. Results for the dif-

ferent conditions obtained in five heads were analyzed in subsequent frequency ranges.

Comparing the difference in RWmembrane velocity showed higher LE in the LC opened
condition [mean: 103 equivalent dB SPL], than in LC intact or blue-lined conditions [63 and

74 equivalent dB SPL, respectively]. No difference was observed between the LC opened

and the standard OW condition. Inducing stapes fixation, however, led to a difference in the

low frequency range of LE compared to LC opened. In conclusion, this feasibility study

showed promising results for direct acoustic stimulation at this specific anatomically and

surgically more accessible inner ear site. Future studies are needed to address the impact

of LC stimulation on cochlear micromechanics and on the vestibular system like dizziness

and risks of hearing loss.
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Introduction
In the past decade, considerable temporal bone and human clinical research has been con-
ducted on the efficiency of acoustic hearing implants, such as active middle ear implants
(AMEIs) and direct acoustic cochlear implants (DACI). Because these implants are indicated
for various pathologies, many different ways of implantation have been described, each with its
own advantages and disadvantages [1–7]. Recently, a systematic review of clinical results by
Verhaert et al. concluded to a certain degree of variability in functional outcome partially
related to patient selection and coupling techniques [8].

For severe to profound mixed hearing loss, only powerful implants can produce sufficient out-
put to stimulate the remaining cochlear reserve. A Codacs™DACI system produces high output,
thereby achieving encouraging speech perception results, even compared to the best conventional
treatments, such as hearing aids with or without stapedotomy surgery [9,10]. The surgical proce-
dure is often regarded as challenging, as it involves posterior tympanotomy, fixation of the trans-
ducer inside a small mastoid cavity, and then a transmastoid or endaural approach for
stapedotomy with coupling of a stapes prosthesis to an actuator [11]. Taking into account its ini-
tial phase, the average time of surgery was around 3.5 hours (communication from the manufac-
turer) and the approach carries risks of facial nerve exposure or damage to residual hearing, well
known from cochlear implant surgery and stapes surgery in case of advanced otosclerosis or tym-
panosclerosis [12]. Straightforward, reproducible acoustic stimulation of an anatomically easy
accessible inner ear site could reduce these risks associated with middle and inner ear implant
surgery. Also, future cochlear implant devices may include a separate offset acoustical stimula-
tion, away from the cochlea. The lateral semicircular canal is considered a stable landmark during
mastoidectomy with little anatomical variation. The canal is approached easily when drilling
away the cortical bone of the mastoid and the juxtaposed mastoidal cells.

Driving the cochlea at other sites, such as a ‘third-window’, has been proposed experimen-
tally in an animal model [13] and implemented in selected clinical cases, where neither the oval
window nor round window (RW) could be reached [14]. In procedures for semicircular canal
plugging, Parnes et al. already reported hearing preservation 20 years ago [15]. In an animal
study, Smouha and Inouye reported stable hearing thresholds [16] after the transection of the
lateral semicircular canal. In a preliminary study in cats [17], stimulation on the superior semi-
circular canal with a piezoelectric vibrator was investigated in comparison to cochlear stimula-
tion. The authors reported that the cochlear microphonic frequency response was similar in
case of vibration at the oval window or at the superior canal fenestra. In the same paper, it was
described that a patient underwent a temporary placement of the vibrator at the superior canal
under local anesthesia, showing improved hearing with neither vertigo nor observable nystag-
mus during stimulation [17].

The aim of this experimental study is (1) to investigate the feasibility of acoustic stimulation
of the lateral semicircular canal (LC) in the low and middle frequency hearing range and (2) to
assess coupling efficiency compared to the standard oval window coupling [11]. This experi-
mental study is limited to a cadaveric evaluation and further feasibility studies still need to be
performed before clinical application of LC stimulation can be considered, above all because of
the risks of hearing loss and dizziness when opening the labyrinth.

Methods

2.1 Temporal bone preparation
Fresh-frozen whole heads with intact temporal bones and no history of ear disease were evalu-
ated after obtaining authorization to use organs and tissues for research (Science Care, Inc.,
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Phoenix, AZ, USA, www.sciencecare.com). The medical history of each head was provided by
the supplying company. After thawing, all experiments were performed within an 8-hour
period and the heads were rinsed meticulously and largely sealed in a plastic bag to prevent
mechanical changes due to dehydration during the experiments similar to other authors
[18,19]. No specimens were refrozen. Microscopic visual inspection was carried out to verify
temporal bone integrity and quality, as well as the absence of otologic disease, as recommended
in the ASTM F2504-05 standard practice [20]. The study was approved by the medical ethics
committee of University Hospitals Leuven.

Surgical preparation consisted of a canal wall-up mastoidectomy, with preservation of the
posterior border of the mastoid cavity for placement of the implant’s fixation system. The facial
recess was opened through a large posterior tympanotomy to achieve exposure of the stapes
crura, stapes footplate and the round window membrane (RWM), with removal of its second-
ary mucosal membrane. Care was taken not to alter ossicular chain integrity. Visual inspection
was performed to check for perilymph leakage. One head, considered for training purpose, was
excluded from further analysis, as drilling of the LC accidently led to perilymph evaporation.
Since then, both the canalotomy and stapedectomy, respectively, were strictly performed under
saline fluid to avoid air bubbles. The heads were firmly held in a soft holding block during all
procedures.

2.2 Acoustic hearing implant
Throughout this study, the driving force for acoustic stimulation was an electromagnetic actua-
tor, which is part of an acoustic hearing implant, the Codacs™ DACI system (Cochlear™ Ltd.
Sydney, Australia). The surgical procedure to implant the DACI system was previously
described in detail [11]. In brief, following the manufacturer’s specifications, the actuator’s arti-
ficial incus (with 1 mm diameter), also named rod, is connected to a conventional stapes pros-
thesis coupled to the perilymph of the inner ear at the level of the oval window niche. Coupling
to the inner ear is done after removal of the stapes superstructure, i.e. stapedotomy or stapedec-
tomy. For clinical application, a calibrated-hole technique using a laser or skeeter burr is pre-
ferred for stapedotomy. In cadaver head experiments, stapedectomy with complete removal of
the entire footplate and placement of fibrous tissue for oval window sealing is more feasible.
This is consistent with the first DACI implantations, as described by Häusler et al. [3]. For 7
out 8 heads, both steps were performed under fluid to prevent air from entering during the
cadaver experiments; the sealing was kept moist during the measurements. Previous investiga-
tions have confirmed linearity of actuator output up to 1 V root mean square (RMS) [21].

2.3 Measurement setup
An insert earphone (ER-2, Etymotic Research, USA) was fixed inside the external ear canal
with adaptive foam to seal it externally. The tube of a probe microphone (ER-7C, Etymotic
Research, USA) was positioned within 1–2 mm of the tympanic membrane and used as a refer-
ence. The insert earphone assembly was calibrated before each use. The earphone was driven
by a sine sweep at approximately 94 dB SPL between 100 and 10000 Hz generated by an audio
analyzer (UPV, Rhode and Schwartz, Munich, Germany). For velocity measurements, a Zeiss
microscope-mounted laser Doppler vibrometry (LDV) system (OFV5000 Vibrometer Control-
ler, OFV-534 Compact Sensor Head and A-HLVMM 30 Micromanipulator; Polytec GmbH,
Waldbronn, Germany) was utilized. To enhance light reflection, markers made from small
pieces of reflective tape (0.4 mm2) were placed on the posterior stapes crus and RWM. Ana-
tomical preparation ensured an optimal laser angle of about 70–80° to the posterior crus of the
stapes and maximum 45° to the RWM. This meant a limited amount of drilling away the
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overhanging lip at the round window niche was performed if needed. During analysis a cosine
correction to the measurement data was applied using the visually estimated angle. For the
DACI acoustical stimulation, being presented at the LC or at the oval window (OW), a forward
stimulation pathway [22] can be hypothesized and therefore measuring the velocity at the
RWMwas preferred to the stapes footplate displacement. Importantly, for air and bone con-
duction, the RWMmoves in a complex and variable manner at frequencies above 1.5 kHz, cer-
tainly above 3 kHz, but independent of the acoustic stimulation level in the range between 80
and 110 dB SPL [23,24]. Therefore vibration measurements at a single position cannot be used
as indicator of absolute RWM volume displacement. Other studies have showed that the vibra-
tions measured at the center of the RWM increase linearly with acoustical stimulation level in
the range of 50 to 110 dB SPL [25]. As mentioned by Grossöhmichen et al. [26], the constancy
of the vibration pattern allows a relative estimation of stimulation efficiency in forward stimu-
lation, moreover for the comparison of different coupling situations. Hence, similarly [26] the
position of the reflective tape on the RWM was kept constant approximately at an anterior-
central position of the RWM throughout each of the experiments. The LDV controller was set
to 10 mm/s/V with a 100 kHz low-pass and 100 Hz high-pass filter. Stapes and RW velocity
were evaluated with closed-field acoustic measurements in a quiet room. The noise floor of the
measurement set-up and room was assessed by measuring the response without any stimula-
tion present. Responses with an SNR smaller than 5 dB were excluded from analysis.

An additional experiment on the vibratory output pattern of the RWM was performed at
multiple positions of the RWM in one head. The aim was to confirm the validity of the single-
point measurements at the RWM relevant for our study. This was performed in preparation of
future possibly more precise intracochlear or even intralabyrinthine pressure measurements.
In this experiment, the investigated conditions as detailed in section 2.5 were similar, but the
velocities of the stapes footplate and the RWMwere measured at the four vertices of a rectan-
gular piece of reflective tapes placed in the center of the RWM and between the stapes crura, in
accordance to the measurement method developed by Gostian et al [27]. The integration of
four points allows a confirmation of the single point LDVmeasurements comparing conditions
detailed in section 2.5 relative to each other rather than the absolute output. In addition, the
phase was measured to assess the effect of the canalotomy. The volume velocities at a specific
frequency were considered to be valid only if all four velocity measurements were valid con-
cerning the SNR. The three-dimensional movements were calculated at the vertices of the
reflective tape, similar to the work of Stenfelt et al. and Gostian et al. [23,27]. The reflective
tape was considered a rigid body. The relative positions of the 4 points to the center of the
RWM or stapes footplate were used as the coordinates x and y with the velocity expressed as
vpz (x, y) = voz + Uox y—Uoy x. The system of equations given by these 4 coordinates is overde-
termined and therefore a least squares estimation was used to find a solution. By using the
coordinates relative to the center of the RWM or stapes footplate, the center velocity was deter-
mined by the values v̂oz [27] multiplied by the respective velocities. Each measurement at the
vertices was measured twice.

2.4 Equivalent sound pressure level determination
Obtained middle ear transfer functions (HTV) were calculated as VU/PT, where VU is the stapes
velocity (RMS) for acoustic stimulation and PT is the sound pressure (RMS) measured at the
tympanic membrane [20]. HTV was computed in units of dB m/s normalized to acoustic input
pressure (Pa).

To quantify the performance of a device coupled to the ossicles, a method calculating equiv-
alent sound pressure levels (LE), in equivalent dB SPL, and maximum equivalent sound
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pressure levels (LE,max) from sound-induced stapes velocity was developed by Rosowski et al.
[28]. Different to AMEIs coupled to the RW [6], computing the transfer function (HEV) of the
stapes, i.e. the velocity of the stapes relative to the vibration input at the RW, was not possible,
as during standard DACI implantation the stapes superstructure is removed and the cochlea is
driven by a conventional stapes prosthesis. Therefore, as in the procedure described by Chatzi-
michalis et al. [29], output was derived from RWM velocity measurements, expressed in dB m/
s. In their study measurements were performed with a single point LDV, at a fixed location. LE
were calculated from the RWM output [26]. Stimulation of 1 V RMS was applied directly to
the actuator and a hypothetical electrical input to the actuator of Emax = 1V RMS was assumed
to determine the LE,max.

LEmax ¼ 20 log10 ðHEV � Emax=2� 10�5 PaÞ ðEq 1Þ

The audio analyzer simultaneously captured stapes or RW velocity output from the LDV
and probe microphone signals near the tympanic membrane. In general, the recommendations
as in the ASTM practice were followed for specimen preparation, measurement setup and
analysis.

2.5 Experiments
Each cadaver head was implanted with a DACI being coupled to the inner ear in 5 consecutive
conditions, as illustrated in Fig 1. The same investigators conducted each experiment, in the
same sequence, reducing variability. RW velocity was measured at a similar angle for each con-
dition. Three repetitive LDV measurements were carried out for each velocity measurement.
Because of the high number of LDV measurements comparing different methods, a single
point laser technique at a fixed point was preferred over a scanning laser. Vibration of the pre-
pared head was expected to be low as full heads sealed in plastic bag and soft fixation material
was used. In each of the first four conditions, contact between the actuator’s artificial incus and
the coupling site was made neither applying too much pressure on the surface nor impeding a
correct movement of the tip of the rod, as noted by a shift in the resonance frequency.

Condition 1 –LC intact: The actuator was approximated against an intact LC easily accessed
through a basic mastoidectomy, keeping the ossicular chain and buttress intact. Contact was
made at the dome of the LC, posterior to the ampulla.

Condition 2 –LC blue-lined: Using a 0.5-mm diamond burr and intermittent irrigation the
LC was blue-lined, indicating imminent appearance of the endosteum of the labyrinth, similar
to posterior canal occlusion [15]. Again, the actuator was approximated against the blue-lined
surface, without breaching it, at the highest point of the dome of the LC.

Condition 3 –LC opened: Under fluid, the canal was opened further (size about 0.3 x 0.5
mm) until the last endosteal bone shell could be gently fractured with a fine spatula, keeping
the membranous labyrinth intact. This was defined as a canalotomy. The surgical technique
was inspired by the early fenestration operation described by Sourdille and Lempert, although
the endosteal flaps were not folded back [30,31]. At this point, no aspiration was performed.
The opening, still under fluid, was directly covered with fibrous tissue obtained from the tem-
poralis fascia. The tip of the actuator’s artificial incus was gently brought into contact in a per-
pendicular manner to the opening (Fig 1). The long rod was mostly in an almost parallel
manner to the direction of the lateral canal.

Condition 4 –LC opened with stapes fixation: After completing condition 3, stapes footplate
fixation was achieved using techniques previously described for the dental acrylic application
[18,32]. Thus, LC stimulation could be investigated in case of stapes fixation, similar to otoscle-
rosis pathology, as this is one of the principal clinical indications for DACI implants. The LDV
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was used to measure stapes velocity attenuation at the stapes posterior crus (3 heads) and/or
the RWM (3 heads).

Condition 5 –Standard oval window (OW): After elimination of any dental acrylic surplus,
the entire stapes was removed under fluid without suction and fibrous tissue was immediately
placed to seal the oval window. The footplate was removed for reasons of reproducibility and
to avoid footplate manipulations. The actuator of the DACI implant was then introduced
through the opening of the posterior tympanotomy and placed about 4–6 mm above the oval
window. A conventional stapes prosthesis, titanium K-Piston type, 0.6 mm in diameter with a
loop (Heinz Kurz GmbH, Dusslingen, Germany), was placed on the fibrous tissue in the oval
window and firmly crimped to the actuator. The fascia was maintained on the canalotomy to
avoid leakage. Carefully, the seal was kept moist to prevent air from entering.

After checking for normality with a Kolmogorov-Smirnov test for every condition, the data
was statistically analyzed using repeated-measures analysis of variance (ANOVA) of the main
factors condition (coupling method) and frequency and the difference in RW velocity as a
dependent variable with Bonferroni post-hoc analysis. Third octave band frequencies were
analyzed represented by the center frequency in the figures. The analyses were performed sepa-
rately for each frequency range using the geometric mean (low, 0.1–0.8 kHz; middle, 0.801–2.5
kHz; high 2.501–8 kHz), and comparisons were made between the given conditions using
paired samples t-tests, with RW velocity as a dependent variable. Similar to Tringali et al, these

Fig 1. Coupling of DACI actuator with its artificial incus to the lateral semicircular canal (LC). Fresh head preparation showing LC
stimulation (LC opened condition) with fascia interposition and demonstrating the perpendicular position of the actuator’s tip (diameter of 1 mm) to
the LC. The axis of motion was more or less tangent to the axis of lateral canal. View from posterior with reflective tape on RWM. Note the
proximity of the facial nerve with the narrow access to the oval window.

doi:10.1371/journal.pone.0160819.g001
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three frequency ranges were chosen to investigate the coupling in three clinically relevant
ranges [[6]. For all analyses, an effect size (r) was calculated using Eq 2, derived from the t-
value and degrees of freedom (df) [33].

r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

t2

t2 þ df

s
ðEq 2Þ

Comparisons, expressed as the difference in dB of the various RWM velocities for each cou-
pling method with respect to the standard OW condition, were calculated for each ear, and
then averaged. Finally, the additional effect of stapes fixation on top of the LC opened condition
was investigated (LC opened with stapes fixation).

Results

3.1 Closed-field acoustic transfer functions
Fig 2 depicts stapes and RW velocity as individual curves obtained with a sine signal for each
cadaver head, plotted against the range, as described by Rosowski et al. [28] for temporal
bones. Both stapes and RW transfer functions were comparable. Five of eight temporal bones
roughly met the extended inclusion criteria [28] if we take into account that the peaks at 3–4
kHz are due to the closed-ear canal resonance. Even though some heads did not meet the
acceptance criteria at every single frequencies, they were included because the main goal in this
experimental study was to investigate relative intra-head comparisons for different coupling
strategies, as mentioned previously. This is consistent with the wide variability described before
in living humans with normal hearing [34].

3.2 LC stimulation
As described above, the coupling of the actuator to the LC was investigated at 1 V RMS through
the output measured at the RWM level in terms of RW velocity in five heads. Measurement
variability per condition per head was very low (0.8 dB for 3 repetitions) and therefore the aver-
age value of the three consecutive measurements was used. Fig 3 shows the electrovibrational
transfer function of one representative head for the different coupling methods. No compensa-
tion to the amplitude of the RW velocity at 0.1 kHz was needed. In all coupling conditions, the
RW output was similar of shape. LC intact and LC blue-lined conditions yielded similar out-
puts, just above noise level), but well below the output in the standard OW condition, especially

Fig 2. a,b. Closed-field acoustic middle ear transfer function (HTV) at the stapes (a) and the RWM (b) in 5 human heads (in dB m/s normalized to 1
Pa) with an air conduction stimulus of 94 dB SPL. Additionally in panel a, as a gray shaded region, the mean and +/- 95% CI of HTV measured in a
large population of temporal bones [28] and the noise floor level are shown.

doi:10.1371/journal.pone.0160819.g002
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in the low and middle frequency range. In the LC opened with or without stapes fixation and in
standard OW condition, a peak response occurred around 2 kHz, corresponding to the approx-
imate actuator response frequency. For these conditions, up to 6 kHz, a minimum-maximum
difference of less than 30dB was noted.

Comparisons, expressed as the difference in dB of the various RWM velocities for each cou-
pling method with respect to the standard OW condition, were calculated for each ear, and
then averaged, as depicted in Fig 4. Mean differences were largest in the low and middle fre-
quencies for the LC intact and blue-lined conditions with an average difference over all fre-
quencies of 31.2 dB (SD = 13.1) and 29.7 dB (SD = 13.9), respectively. LC opened condition
appeared to have an advantage over LC intact and blue-lined conditions with smaller, non-sig-
nificant differences, with respect to the standard OW coupling. Over all, an average difference
of 2.1 dB (SD = 14.8) was noted.

A repeated-measures analysis of the differences was performed. Mauchly’s test indicated
that the assumption of sphericity had not been violated. Significant effects were post hoc ana-
lyzed using Bonferroni test. There was a significant main effect of condition [F(3,12) = 39.99, p<
0.001]. Pairwise comparisons reveal that difference in RW velocity was significantly higher in
conditions LC intact and LC blue-lined, than in conditions LC opened with or without stapes
fixation. The analysis noted a significant main effect of frequency [F(20,80) = 11.09, p< .001],
indicating the impact on the frequency range. There was a significant interaction effect of con-
dition and frequency [F(60,240) = 3.46, p< 0.001]. Pairwise comparisons with post-hoc Bonfer-
roni corrections, showed a statistical significant difference (p< 0.05) between standard OW vs
LC intact and blue-lined condition in comparison to the standard OW condition vs LC opened
without or with stapes fixation up to a 1.25 kHz and at 4 and 5 kHz.

Stimulation effectiveness was assessed by calculating the LE. (n = 5), as detailed in Table 1.
With an average equivalent level (eq.) of 62.7 dB SPL (SD = 14.4 dB) in the LC intact condition,
DACI stimulation did not perform as good compared to the standard OW position (average

Fig 3. Electrovibrational transfer function the DACI in different coupling conditions, velocity (dBm/s)
measured at RWM from one representative specimen (H5) is shown. The stapes velocity (HTV) of the
fixed stapes is also shown.

doi:10.1371/journal.pone.0160819.g003
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LE, of 103.3 eq. dB SPL, SD = 17.0). Blue-lining the LC yielded improved output, reaching 73.6
eq. dB SPL (SD = 11.2 dB). With LC opened stimulation, an LE, of 103 eq. dB SPL (SD = 15.0
dB) was reached, comparable with the standard OW condition.

Calculated LE data were normally distributed for all conditions and all frequency ranges.
Paired samples t-test showed that LE was significantly lower in the LC intact condition than the
standard OW condition in the low (t(4) = -5.97, p = .004, r = .94) and middle (t(4) = -2.88, p =
.045, r = .82) and high (t(4) = -2.82, p = .048, r = .82) frequency range, confirming the added
value of direct acoustic inner ear stimulation. There was no impact of blue-lining on coupling
efficiency (LC intact vs. blue-lined conditions) in the middle and high frequency ranges (mid: t
(4) = -1.74, p = .16, r = .66; high: t(4) = -1.20, p = .29, r = .52). In the low frequency range there
was a significant difference (t(4) = -5.79, p = .004, r = .95). When comparing blue-lined and
standard OW conditions, the findings were unsurprisingly similar to the LC intact condition.
Here, results were significant in the low (t(4) = -5.48, p = .005, r = .94) and middle (t(4) = -3.83,
p = .019, r = .88) frequency range, and the same trend, though not significant, was found for
the high (t(4) = -2.03, p = .11, r = .71) frequency range.

In the LC opened condition, higher RW velocity was obtained than in the LC intact condi-
tion for all frequency ranges (low: t(4) = -9.36, p = .001, r = .98; middle: t(4) = -3.20, p = .033,
r = .85; high: t(4) = -2.76, p = .049, r = .81). The same advantage of the LC opened condition
was found compared to the LC blue-lined condition (low: t(4) = -9.78, p = .001, r = .98; middle:
t(4) = -5.44, p = .006, r = .94; high: t(4) = -4.32, p = .012, r = .91).

Both LC opened and standard OW conditions appeared to have an advantage over LC intact
and blue-lined conditions. There was no indication of any difference in performance of the

Fig 4. Average of differences in dB of the RW velocity of different coupling methods with respect to the
standard OW coupling for each ear (n = 5).

doi:10.1371/journal.pone.0160819.g004
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DACI coupled to the opened LC or the standard OW (low: t(4) = -9.20, p = .410, r = .41; middle:
t(4) = .042, p = .968, r = .02; high: t(4) = .932, p = .404, r = .42).

In a separate head measurement, the RWM three-dimensional movement was calculated
from the velocity measurements at the vertices of the reflective tape at the RWM. Here again,
mean differences for calculated RW velocity with respect to standard OW condition were larg-
est in the low and middle frequencies for the LC intact and blue-lined conditions with an aver-
age difference over all frequencies of 28.6 dB (SD = 21.9) and 27.3 dB (SD = 21.5), respectively.
LC opened condition appeared to have an advantage over LC intact and blue-lined conditions
with smaller differences with respect to the standard OW coupling. The measured RW velocity
was within one +/- SD of the mean five heads with single point LDV measurements except for
the middle and high frequency range in the LC opened condition, showing possibly a subopti-
mal coupling or more complex RW vibration pattern. A repeated-measures analysis of the dif-
ferences of all heads (n = 6) did confirm a significant effect of condition (p< 0.001) and
frequency (p< 0.001). The interaction was even so significant [F(60,138) = 3.97, p< 0.001]. Pair-
wise comparisons revealed a significant effect between the differences (p< 0.05) for LC intact
and blue-lined condition in comparison to the standard OW condition vs LC opened without or
with stapes fixation up to a 1.0 kHz.

Looking at LE calculations, paired samples t-test showed similar results to the previous anal-
ysis with n = 5 above, except in one case. In contrast to the analysis with single point LDV only,

Table 1. Mean Equivalent output levels and standard deviation (SD) for 5 conditions tested at third-octave band frequencies (in response to 1 Vrms

at the actuator) (n = 5).

LC intact LC blue-lined LC opened LC opened with stapes
fixation

Standard OW

Frequency
(kHz)

Mean [eq dB
SPL]

SD
[dB]

Mean [eq dB
SPL]

SD
[dB]

Mean [eq dB
SPL]

SD
[dB]

Mean [eq dB
SPL]

SD
[dB]

Mean [eq dB
SPL]

SD
[dB]

0.1 68.6 5.3 73.1 3.9 103.8 14.6 94.5 15.2 107.0 18.6

0.125 64.7 5.7 68.7 8.3 104.5 15.6 95.0 15.5 107.9 18.6

0.16 59.8 5.8 68.1 8.6 105.2 16.1 96.8 15.1 108.8 18.6

0.2 58.3 9.4 67.2 10.7 105.1 16.6 97.6 14.9 109.5 18.4

0.25 57.2 8.2 63.1 9.5 103.4 15.5 95.4 13.1 108.0 16.7

0.315 54.4 10.3 60.2 13.2 102.9 15.8 94.1 13.7 108.3 17.9

0.4 52.3 12.7 64.2 15.7 102.6 17.0 92.2 16.0 107.7 20.5

0.5 53.5 12.9 69.8 14.3 101.2 18.2 93.8 13.9 107.4 20.9

0.63 55.7 10.1 72.1 16.1 101.6 18.8 97.2 15.1 108.9 22.3

0.8 49.3 9.4 69.9 18.6 98.7 19.6 96.0 15.9 107.5 20.4

1 50.2 14.5 68.3 10.9 97.4 19.9 94.2 17.8 107.5 17.1

1.25 54.3 15.0 68.7 7.4 99.7 18.0 97.1 18.4 107.1 17.9

1.6 61.6 22.8 71.8 7.1 105.2 14.3 102.8 17.6 106.0 18.9

2 63.0 24.4 76.8 10.2 108.2 12.6 105.2 17.0 105.5 15.7

2.5 64.2 22.9 76.9 7.9 111.5 14.7 107.4 20.1 103.2 14.8

3.15 66.4 23.0 80.5 10.6 109.6 16.1 106.2 25.6 95.7 9.2

4 65.9 16.1 80.2 9.1 102.9 11.4 105.1 18.4 89.3 7.2

5 72.4 21.6 82.3 10.7 102.2 9.8 109.9 14.1 96.2 15.7

6.3 75.5 20.9 82.8 14.5 98.1 7.9 105.1 11.2 94.2 20.0

8 82.5 16.3 89.5 15.2 99.6 8.1 102.0 12.0 92.5 15.4

10 86.4 14.2 92.1 13.1 100.5 13.9 100.7 15.5 92.0 12.5

average 62.7 14.4 73.6 11.2 103.0 15.0 99.5 16.0 103.3 17.0

max 86.4 24.4 92.1 18.6 111.5 19.9 109.9 25.6 109.5 22.3

doi:10.1371/journal.pone.0160819.t001
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LE analyses did not reveal a statistically significant difference between LC intact condition and
LC opened for the middle (t(4) = -2.5, p = .16, r = .75) and high (t(4) = -2.1, p = .042, r = .70)
frequency range. More data is needed for adequate comparisons between single and multiple
point LDV analysis at RWM.

3.3 Stapes fixation
Stapes footplate fixation resulted in loss of stapes velocity, with an average attenuation of 13 dB
(SD = 7 dB) at the stapes (3 heads) and 14 dB (SD = 8 dB) at the RW (3 heads), measured via
acoustic stimulation. The paired samples t-test revealed a significant difference in stapes veloc-
ity and in RW velocity in the low frequency range (p< .03) up to 500 Hz, but not in the middle
or high range. The effect of canalotomy, covered by fascia, on the RW output for acoustic stim-
ulation can be appreciated in Fig 5. As shown, phase measurements at the RWM nicely show a
180° shift compared to the stapes footplate displacement up to 2 kHz. After canalotomy, a
small difference of about 20° is noted.

The LC opened with stapes fixation condition investigated the influence of induced stapes
fixation on LC stimulation with the DACI. Fig 4 depicts the calculated difference for this cou-
pling method with respect to the standard OW condition, plotted against the other experimen-
tal conditions. As mentioned above the repeated-measures analysis of the differences was
performed, showing a statistical significant difference between the standard OW vs LC intact
and blue-lined condition in comparison to the standard OW condition vs LC opened with sta-
pes fixation. The paired samples t-test of the calculated LE data (Table 1) between the LC
opened condition and the LC opened with stapes fixation condition suggested added value of
the latter in the low frequency range (t(4) = 3.78, p = .019, r = .88). LE was similar in the middle
(t(4) = .57, p = .60, r = .27) and high (t(4) = -1.36, p = .25, r = .56) frequency range. Similarly to
the LC opened condition, higher LE was found in the LC opened with stapes fixation condition
compared to the LC intact condition (low: t(4) = -6.57, p = .003, r = .95; middle: t(4) = -2.72,
p = .049, r = .81; high: t(4) = -2.92, p = .043, r = .82) and LC blue-lined condition (low: t(4) =
-6.55, p = .003, r = .96; middle: t(4) = -3.10, p = .036, r = .84; high: t(4) = -4.26, p = .013, r =
.91). Direct comparison between the standard OW condition and the LC opened with stapes fix-
ation condition also revealed no difference in terms of performance, similarly to the LC opened
condition. Including the head with LDV 4 point measurement, revealed similar results except
for the middle frequency ranges comparing LC opened with stapes fixation to condition LC
intact and blue-lined, here no significant differences were noted. Other comparisons revealed
stable and significant results.

Fig 5. Effect on HTV at RW of canalotomy and of experimental induced stapes footplate fixation shown for velocity (a) and for phase (b) in one
head.

doi:10.1371/journal.pone.0160819.g005
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Discussion

4.1 LC stimulation
Experimental DACI stimulation at the level of the lateral canal was investigated in different
conditions. The inertial mode for bone conduction hearing is the strongest in the lateral direc-
tion when the axis of the vibration coincides with the axis of the position of the cochlea [35].
Subsequently, the first two conditions (LC intact and LC blue-lined) aimed to evaluate DACI
performance without opening the canal, thereby also avoiding risks of hearing loss and vertigo.
Similar to stapes surgery, opening the inner ear should be carried out with utmost care in order
to avoid drainage of perilymph potentially leading to serious hearing loss and vertigo events.
Although not entirely similar, opening and plugging procedures of the semicircular canal have
been associated with limited risks like mild hearing loss (2.3% in the study of Agrawal and
Parnes [36]), instability or even vertigo [15,37]. In a prospective study with 28 patients under-
going a lateral canal plugging for Menière’s disease, two cases (7%) of labyrinthitis with deaf-
ness were noted [38]. In our study, the output measured at the RW was, however, insufficient
for amplification in either of these two conditions. The repeated measures analysis of the com-
parison of the coupling with respect to the standard OW condition showed a significant effect
of condition, frequency and an interaction effect. LE analyses revealed modest but statistically
significant added value of the LC blue-lined condition over the LC intact condition for the low
(p = .004) frequency range. Once the LC was opened, large-spectrum mean output of 103, 108
and 107 eq. dB SPL in the lower, middle and higher frequency range, respectively, and a peak
output of 112 eq. dB SPL were obtained. This performance is slightly below previous temporal
bone investigations [39], using 1 V RMS input to an actuator coupled to the RW. With the
DACS-PI (Phonak Acoustic Implants SA, Switzerland) coupled to the oval window at an input
of 0.3 V RMS, an LE,max of 110 eq. dB SPL was recorded [29], but higher input voltages were
not investigated in this study. As the system acts linear, going from 0.3 V to 1 V RMS would
mean an increase of 6 dB SPL. Interestingly, in the current study, no sharp resonance peak was
noted in RW velocity with DACI stimulation of the LC, in contrast to standard oval window
coupling [40]. In standard oval window coupling with stapes prosthesis, this resonance peak is
damped after the healing process in vivo. In addition to increased performance in a wide fre-
quency range, the LC stimulation pathway could potentially facilitate fitting issues, circum-
venting the need for damping the peak to avoid overstimulation.

As shown, no loss of DACI performance when stimulating the LC was observed when the
stapes footplate was fixed. This is in line with findings on third-window stimulation with
AMEIs in case of stapes footplate fixation [13]. When comparing LC opened condition with the
LC opened with fixed stapes condition, calculated LE output showed a small yet statistically sig-
nificant difference in the low frequency range after stapes fixation. Accordingly, it may be
hypothesized that stimulation of a third-window, in the context of stapes fixation, with an
unobstructed round window, results in improved impedance at the base of the cochlea. There-
fore, the DACI device can possibly be applied in case of stapes footplate fixations, such as oto-
sclerosis. It should be noted that systematic phase investigations were not taken into account
and warrant further study.

Unlike conventional DACI coupling after calibrated-hole stapedotomy, a stapedectomy was
performed in the current study, as a surgical laser was not available in the temporal bone labo-
ratory. The absence of a stapes footplate resulted in lower than expected high-frequency ampli-
fication, although the results were roughly consistent with RWDACI stimulation and DACI
stimulation with a 0.8-mm stapes piston [29,39]. Neither LC opened condition, with or without
stapes fixation, showed any significant difference compared to the standard condition, demon-
strating that in terms of performance, LC stimulation after canalotomy with fascia
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interposition could be an alternative for the standard DACI procedure. Compared to an AMEI
device coupled to the RW [41], much higher velocity values, i.e. peak values up to -56 dB m/s
versus about -90 dB m/s, were obtained with DACI stimulation in both LC opened and stan-
dard OW conditions.

4.2 Experiments
This study explores the feasibility of acoustical stimulation at the lateral canal on human
cadaver heads. Because of the high number of experimental conditions, at this stage a single
point LDV at a fixed position has been used, similar to Grossöhmichen et al. [26]. Similarly,
the single point LDV measurement at RWM cannot provide reliable information in high fre-
quency modes [24,42], robust conclusions can only be drawn from the low and middle fre-
quency range. Coupling an actuator to the LC, at the side of the scala vestibuli, possibly creates
a kind of forward stimulation with the RWM acting as a pressure outlet [22]. Nevertheless,
underestimation of equivalent sound pressure output is possible to some extent. Another point
of uncertainty is the influence of the canalotomy. In our study, input impedance of the cochlea
does not appear to be changed by DACI application in the LC opened condition (though cov-
ered with moist fibrous tissue). In the experiments of Pisano et al. [43], patching of the third-
window did allow reversible intracochlear pressure measurements. Current results, showed
that the difference in phase measurements between stapes footplate and RW, performed in the
additional head, was not significantly altered after the canalotomy. Also the RW output in
response to acoustic stimulation in the ear canal only dropped with a maximum of 5 dB in the
low and middle frequency range, not in the high frequency range. The authors feel, however,
that the results should be interpreted with care as stimulation at a third window, though cov-
ered, could affect the normal cochlear input impedance and the related difference in pressure
between the scala tympani and vestibuli. Although less important for clinical DACI use, [43]
showed that at low frequencies, near 100 Hz, the sound induced pressures at the scala vestibule
decreased by about 10 dB (with large error bars) for a 0.5 mm dehiscence at the superior semi-
circular canal. They concluded that in these cases the stapes velocity cannot be fully related to
the sound conduction in the cochlea. Therefore, consistent with the view of Stieger et al. [22]
the RWM was preferred to measurement of stapes footplate displacement.

A reduction in stapes velocity of at least 30 dB has previously been described [32], and 20
dB for RW velocity, which is more than the respective 13 dB and 14 dB reduction in stapes and
RW velocity reported in our study. One reason for the difference might be that fresh-frozen
heads are less opted for drying of the dental acrylic. As mentioned before, the canalotomy effect
seemed minimal. But the creation of a third-window on the side of the scala vestibuli, in vivo
sometimes represented by a conductive hearing loss [44] could have altered the results. The
third-window leads to an alternative pressure outlet instead of the pressure difference between
the oval and round window [45], so the impact of stapes fixation can be minimized. Further
studies are required to investigate the effect of LC canalotomy on the magnitude and phase of
the middle ear transfer function, and on cochlear micromechanics. Use of intracochlear and
even intralabyrinthine pressure sensors, regardless of experimental alterations such as stapes
fixation or stapedectomy, may help to shed light on in this matter [46,47].

4.3 Clinical implications and future research
Notwithstanding the experimental data, coupling a powerful acoustic hearing implant to an
anatomically easy accessible site can have far-reaching clinical implications. The lateral semi-
circular canal can be easily approached after performing a basic mastoidectomy.
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The described LC stimulation technique derives from closed fenestration procedures intro-
duced at the beginning of the 20th century by Jenkins and Holmgren, and later refined by Sour-
dille and then by Lempert [48]. In contrast to open fenestration surgery, contact with open air,
epidermal growth and granulation tissue is avoided, minimizing risks of vertigo or dizziness,
similar to plugging procedures. Furthermore, the size of the canalotomy in our study was only
0.5 mm, and it was covered with fascia. In a study [49] on 20 patients with cholesteatoma-
induced lateral canal fistula, postoperative vestibular problems were noted in a small number
of subjects: two cases with spontaneous nystagmus and two cases with benign paroxysmal posi-
tional vertigo. Future research will clearly need to investigate in e.g. a finite element model and
animal study including the mechano-sensitive organs before clinical implementation is started
assessing for example, risks of bony tissue regrowth in case of non-stimulation and effects on
the vestibular system in the event of non-linearity. It is known that bone conduction implants
do not affect the vestibular organ. It can therefore be assumed that acoustic stimulation, with
frequencies above 100 Hz, is well above vestibular stimulation frequency range. Nevertheless a
mechanical stimulation nearby the ampulla of the lateral canal could potentially evoke vestibu-
lar sensations. In a preliminary study [17], an acoustic hearing implant stimulated the fenes-
trated superior semicircular canal in one patient undergoing a posterior canal procedure. This
patient did not complain of hearing loss, vertigo or any motion sensation. A shortcoming in
our cadaver study is that possible non-linear effects causing vertigo, cannot be investigated. LC
fibrosis could potentially hinder the recorded output. Electrophysiological measurements, first
in animal models as demonstrated in AMEIs in case of third-window stimulation [13], then in
humans using reliable techniques, can provide objective feedback on adequate coupling to the
inner ear, and also on the correct auditory processing in the cochlea and brainstem [21].

Finally, with the development of specially designed drills or robot-controlled microdrill that
avoid perforation of the membranous labyrinth or with the use of laser-calibrated hole tech-
niques, results may be reproducible and risks of induced hearing loss well controlled [50].

Conclusions
This study demonstrates the feasibility of LC stimulation with a DACI device for severe to pro-
found hearing loss. Opening the lateral semicircular canal resulted in performance efficiency
similar to conventional oval window coupling. Stapes fixation did not impede DACI perfor-
mance at the level of the LC. Using a single point LDV technique, the measurements can only
be interpreted for low and mid frequencies. Importantly, future studies need to carefully
address both the vestibular and long-term effects of LC stimulation and its impact on cochlear
micromechanics.
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